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Piperidine and pyrrolidine rings are common motifs found in many biologically active natural 

products and drugs. Therefore, they have led to considerable interest from the synthetic community. 

Despite the many publications in the field, there is still no general method that can be routinely 

employed for the whole class of compounds. In addition, in the last 20 years, cascade sequences 

have become increasingly iƳǇƻǊǘŀƴǘ ŀǎ ǘƘŜȅ ŀǊŜ ƳƻǊŜ ǘƛƳŜ ŜŦŦŜŎǘƛǾŜ ŀƴŘ άŀǘƻƳ ŜŎƻƴƻƳƛŎŀƭέ ǘƘŀƴ 

the traditional one step ς one vessel approach. Accordingly, our work focuses on the development of 

new methodologies for the one-pot synthesis of pyrrolidine and piperidine heterocycles.  

Building on previous studies within the Dixon group, cascade sequences involving an initial reversible 

nitro-Mannich reaction between a nitro-alkane 4 and an imine 3 followed by an irreversible 

cyclisation reaction of the amine functionality in the direct nitro-Mannich adduct 5 were studied 

(Scheme 1).  

Scheme 1: Cascade sequences involving a nitro-Mannich reaction  

Development of a nitro-Mannich / Lactamisation cascade for the synthesis of trans 1,5-

disubstituted 4-nitropyrrolidinones  

An efficient diastereoselective nitro-Mannich/lactamisation reaction cascade of methyl 3-

nitropropanoate 7 with cyclic and acyclic imines for the direct preparation of monocyclic 8 and fused 

tricyclic 9 pyrrolidinone derivatives was developed (Scheme 2).2 The reaction is easy to perform, 

broad in scope and tolerates a wide variety of functional groups (halides, alcohols, esters, ketals, etc). 

For the mono-cyclic methodology, 28 examples with a very good average yield of 72% and excellent 

diastereocontrol (typical dr >98:2) were obtained using optimized conditions and varying the amine 

and the aldehyde. The trans relationship of the major diastereoisomer was determined 

unambiguously by X-ray crystallography of 10.  



 
Scheme 2: Diastereoselective synthesis of monocyclic and fused tricyclic pyrrolidinones 

A one-pot nitro-Mannich / Lactamisation cascade for the synthesis of 1,3,5-trisubstituted 

4-nitropyrrolidinones 

In order to access natural products and biologically active compounds containing pyrrolidine and 

pyrrolidinone rings substituted in the 3 position, the previously described methodology was 

extended to the synthesis of 1,3,5-trisubstituted 4-nitropyrrolidinone derivatives 12 ǳǎƛƴƎ ʰ-

substituted 3-nitropropanoate 11. Using a one-pot protocol, 15 derivatives were synthesised in good 

yields (65% average) and diastereomeric ratio ranging from 5:1 to 11:1 in favour of the trans/trans 

diastereoisomer (Scheme 3).3 Several 1H NMR studies were undertaken in order to test the influence 

of different variables on the diastereocontrol. It was found that the only factor which had a 

significant influence on the diastereomeric ratio was the steric hindrance of the different 

substituents. Another set of 7 compounds, with diastereomeric ratio ranging from 3:1 to 30:1, were 

specifically designed to exemplify the influence of the steric hindrance on the diastereocontrol.  

 
Scheme 3: Diastereoselective synthesis of 1,3,5-trisubstituted 4-nitropyrrolidinones 

 

 

 



Extension of the methodologies and applications 

The nitro-Mannich / lactamisation cascade of 7 was developed further to allow the rapid synthesis of 

5-isopropyl-4-nitropyrrolidin-2-one 13 from reaction with ammonium acetate 14 and 1-butyl-4-

nitropyrrolidin-2-one 15 from reaction with formaldehyde 16 (37% solution in water) (Scheme 4). 

 

Scheme 4: Further extension of the nitro-Mannich / lactamisation cascade 

In addition, the synthetic utility of the nitro-pyrrolidinones formed was exemplified through various 

functional group modifications. The selective reduction of the lactam carbonyl was performed in the 

presence of the nitro group (product 11), the reduction of the nitro group to the corresponding 

amine was achieved successfully in the presence (product 13) or absence (product 12) of the 

carbonyl group and the nitro group was successfully removed under radical conditions to form 14 

(Scheme 5). 

 

Scheme 5: Various functional group modifications 

An enantioselective version of the nitro-Mannich / Lactamisation cascade 

An enantioselective version of the nitro-Mannich / lactamisation cascade under chiral Brönsted acid 

catalysis has been studied thoroughly. The reactivity of the initial system had to be tuned in order to 

limit the background reaction and allow the catalytic reaction to take place. The results obtained after 

optimization of the reaction conditions are very promising (up to 90% ee on various substrates) 

(Scheme 6). 



 

Scheme 6: Enantioselective nitro-Mannich / lactamisation cascade 

Studies towards an understanding of the nitro-Mannich / Lactamisation cascade 

Several 1H NMR studies as well as Raman spectroscopy, UV spectropscopy and EPR (in the lab of Dr. 

Wesley Browne, Groningen University, The Netherlands) have been undertaken in order to better 

understand the nitro-Mannich / Lactamisation cascade reaction as well as the origin of the 

stereocontrol. For instance, these studies allowed us to understand the role of the oxygen in the 

reaction as well as to identify the rate determining step.  

 

A formal synthesis of slaframine via a nitro-Mannich/ epoxide ring opening cascade 

A formal synthesis of slaframine 28 was achieved in 8 steps and 15% overall yield from commercially 

available 5-chloropentyne 18 (Scheme 7). The copper catalyzed coupling of 5-chlororopent-1-yne 18 

with diazoacetate 19 provided the alkyne 20 in 93% yield. After several optimization studies, using 

different metal sources, partial hydrogenation of the alkyne to the desired Z-alkene 21 was 

performed in 73% yield with nickel boride. A Finkelstein reaction followed by a nitration generated 23 

in 60% over the two steps. Then, a syn-epoxidation with DMDO allowed the formation of the key 

intermediate 24 in 92% yield. After several attempts at forming 26 in a one-pot nitro-Mannich/ 

epoxide ring opening / lactamisation cascade, the 6 and 5-membered ring were constructed 

stepwise. A first nitro-Mannich / epoxide ring opening cascade, with benzylamine and formaldehyde, 

afforded the piperidine ring 25 in 70% yield. Then, a catalytic hydrogenation with palladium 

hydroxide allowed the cleavage of the benzyl group with subsequent lactamisation onto the ester to 

form the pyrrolidinone ring and the reduction of the nitro group to the amine with the desired 

stereochemistry in 73% yield. Finally, a LiAlH4 reduction of the lactam carbonyl of 26 afforded 27 in 

80% yield and provided a formal synthesis of slaframine 28 in 8 steps. 



 

Scheme 7: A formal synthesis of slaframine 28 in 18% overall yield 

Development of a methodology towards a general nitro-Mannich / epoxide ring opening 

cascade for the synthesis of pyrrolidine and piperidine rings 

Following on the proof of principle obtained in the synthesis of Slaframine, we decided to develop a 

new nitro-Mannich / epoxide ring opening to easily access pyrrolidine and piperidine rings (Scheme 

8).  

 
Scheme 8: General nitro-Mannich / epoxide ring opening cascade 

A key intermediate to start developing the methodology has been synthesized in 6 steps from 

tetrahydrofuran 29 (Scheme 9). Opening of tetrahydrofuran 29 with HBr followed by a Swern 

oxidation of the primary alcohol 30 and a HWE reŀŎǘƛƻƴ ŀŦŦƻǊŘŜŘ ǘƘŜ ʰΣʲ-unsaturated ester 32 in 39% 

yield. The allylic alcohol 33 was obtained via a reduction with DIBAL-H in 85% yield. A Finkelstein 

reaction followed by a nitration with silver nitrite allowed the formation of the intermediate 34, 

which was subsequently oxidized by DMDO to access the key epoxide 35. Finally, 37 was successfully 

isolated as the products of a nitro-Mannich / epoxide ring opening cascade, leading the way to the 

development of a new methodology (Scheme 9). 



 

Scheme 9: Synthesis of the key epoxide 35 and proof of principle of a nitro-Mannich / epoxide opening 
cascade 

Conclusion: 

A new nitro-Mannich / Lactamisation cascade was developed for the one pot synthesis of trans 1,3-

substituted 4-nitropyrrolidinones in high chemical yield. The methodology has been extended to the 

synthesis of fused tricyclic pyrrolidinones and 1,3,5-substituted 4-nitropyrrolidinones in very good 

yields and an enantioselective version of the cascade is under development. Further manipulation of 

the products was demonstrated (including the reduction of the nitro group and/or the carbonyl 

group and denitrohydrogenation). In addition, a formal synthesis of rac-Slaframine was successfully 

achieved using a nitro-Mannich/epoxide opening cascade and a general methodology using such a 

cascade for the synthesis of pyrrolidine and piperidine rings is being developed. Finally, several 

mechanistic studies were undertaken to rationalize the results generated. 
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I.1 The nitro-Mannich reaction 

The nitro-Mannich reaction (or aza-Henry), discovered in 1897 by Louis Henry, is the nucleophilic 

ŀŘŘƛǘƛƻƴ ƻŦ ƴƛǘǊƻŀƭƪŀƴŜǎ ǘƻ ƛƳƛƴŜǎ ǘƻ ŦƻǊƳ ʲ-nitroamine derivatives.1 It is a variant to the Mannich 

and the Henry reactions, which constitutes, with the aldol reactions, some of the most common 

processes to form C-C bond via the addition of a carbon nucleophile to a C=X (X = O, N, S) double 

bond. Whereas those three reactions (Henry, Mannich and aldol) have been studied extensively, the 

nitro-Mannich has received very little interest from the synthetic community throughout the 20th 

century. Most of the early publications describing the nitro-Mannich reaction were of limited scope 

and of poor yield and diastereocontrol. However, since the late nineties, there have been an 

increasing number of publications in the field and several diastereselective and enantioselective 

methodologies have been developed. The products formed are versatile and they can easily be 

transformed via various functional group modifications. Indeed, the nitro-Mannich reaction is 

starting to appear in syntheses of natural products or biologically active compounds.  

I.1.1 Discovery and early work 

The first nitro-Mannich reaction1 was reported by Henry in 1897, the year following his publication of 

the first nitroaldol reaction, later renamed the Henry reaction.2 Henry described the reaction of 

nitroalkanes 1 with hemi-aminals 2 ǘƻ ƎƛǾŜ ʲ-nitrodiamines 3 (Scheme 1). 

 

Scheme 1 ς The first reported nitro-Mannich reaction by Henry 

Presumably, loss of water from 2 gives an iminium ion that is subsequently attacked by nitroalkane 1 

to form an intermediate nitro-aŀƴƴƛŎƘ ʲ-nitroamine product, which in turn, can react with a second 

ŜǉǳƛǾŀƭŜƴǘ ƻŦ ƛƳƛƴƛǳƳ ƛƻƴ ǘƻ ƎƛǾŜ ǊƛǎŜ ǘƻ ǘƘŜ ǇǊƻŘǳŎǘ ʲ-nitrodiamines 3. 

                                                           
1
 (a) Henry, L. Bull. Acad. Roy. Belg. 1897, 33, 412. (b) Henry, L. Ber. 1905, 33, 2027. 

2
 Henry, L. Compt. Rend. Hebd. Seances Acad. Sci. 1896, 120, 1265. 
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Lƴ мфлмΣ aƻǳǎǎŜǘ ǇǳōƭƛǎƘŜŘ ŀ ǎƛƳƛƭŀǊ ǊŜŀŎǘƛƻƴ ǘƻǿŀǊŘǎ ʲ-nitrodiamines 6 from the reaction of 2-

methyl-1-nitropropane 4 with hemi-aminal 5 (Scheme 2).3 

 

Scheme 2 ς Nitro-Mannich reaction reported by Mousset  

! ŦŜǿ ȅŜŀǊǎ ƭŀǘŜǊΣ 5ǳŘŜƴΣ .ƻŎƪ ŀƴŘ wŜƛŘ ǊŜǇŜŀǘŜŘ IŜƴǊȅΩǎ ǎȅƴǘƘŜǎƛǎ ƻŦ н-nitro-1,3-

bisdimethylaminopropane and further reduced the nitro group to the corresponding amine using 

SnCl2.
4 However, they were unable to reproduce the reaction of nitromethane with N-

hydroxymethylamine. 9ȄŎŜǇǘ ŦƻǊ /ŜǊŦΩǎ5 work, there were no further advances on the nitro-Mannich 

reaction until extensive studies were published independently by Johnson and Senkus in 1946.  

Senkus described the reaction of mono- 7 and disubstituted nitroalkanes 11 respectively with 

primary amines 8 and formaldehyde 9.6 The reaction was performed under neat conditions and in 

the presence of Na2SO4Φ ʲ-Nitrodiamines 10 ŀƴŘ ʲ-nitroamine 12 were obtained in 71-80% and 10-

90% yield respectively (Scheme 3). The author believed that amines 8 and formaldehyde 9 formed 

the corresponding hemi-aminals in situ before reacting with nitroalkanes 7 and 11, presumably via 

the iminium ion. Products 10 and 12 were also synthesised by reacting amines 8 with the Henry 

product of the reaction of nitroalkanes 7 and formaldehyde 9. 

                                                           
3
 Mousset, T. Bull. Acad. Roy. Belg. 1901, 622. 

4
 Duden, P.; Bock, K.; Reid, H. J. Ber. 1905, 33, 2036. 

5
 (a) Cerf de Mauny, H. Bull. Soc. Chim. 1931, 4, 1451;(b) Cerf de Mauny, H. Bull. Soc. Chim. 1931, 4, 1460. 

6
 Senkus, M. J. Am. Chem. Soc. 1946, 68, 10. 
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R
1
= Me, Et, Cl; R

2
= 

i
Pr, Bn 

 
R

1
 = Me, Et; R

2
 = Me, 

i
Pr, 

n
Bu, Bn, 1-methylpropyl, 1-phenylethyl, CH(Me)CH2OH, C(Me)2CH2OH, CH(Et)CH2OH  

Scheme 3 ς Nitro-Mannich reaction reported by Senkus  

Johnson reported two new advancements of the nitro-Mannich reaction involving primary, 

secondary or aromatic amines (Scheme 4).7,8 -̡ƴƛǘǊƻŀƳƛƴŜǎ ŀƴŘ ʲ-nitrodiamines 15 or 17 were 

synthesised either in one-pot (where formaldehyde 9, nitroalkane 13 and amines 14 or 16 were 

mixed simultaneously) or in two steps (amines 14 or 16 would be added to the Henry product of the 

reaction of formaldehyde 9 with nitroalkane 13). In the latter, the nitro-alcohol was believed to first 

άŘŜŎƻƳǇƻǎŜ ƛƴǘƻ ƴƛǘǊƻǇŀǊŀŦŦƛƴ ŀƴŘ ŦƻǊƳŀƭŘŜƘȅŘŜ via a retro-Henry ǊŜŀŎǘƛƻƴέΣ ǘƘǳǎ ǊŜǉǳƛǊƛƴƎ ƭƻƴƎŜǊ 

reaction times. 

 

R
1
 = Me, 

n
Bu, CH(Et)pentyl; cyclic amines: morpholine, piperidines, 2,5-dimethylpyrrolidine. 

 

R
1
 = H, Me, 

n
Bu 

Scheme 4 ς Nitro-Mannich reaction with secondary amines 

In addition, Senkus and Johnson, both reported the reduction of the nitro group ƻŦ ǘƘŜ ʲ-

nitrodiamines 10 ŀƴŘ ʲ-nitroamines 12, 15 and 17 to the corresponding amines with Raney nickel. 

 

In 1943, Hass and Riley described the first nitro-Mannich reaction between a preformed imines 18 

and nitroalkanes 19 (Scheme 5).9 Nitro-olefins 20 were ƻōǘŀƛƴŜŘ ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ʲ-

                                                           
7
 Johnson, H. G. J. Am. Chem. Soc. 1946, 68, 14. 

8
 Johnson, H. G. J. Am. Chem. Soc. 1946, 68, 12. 

9
 Haas, H.; Riley, E. Chem. Rev. 1943, 33, 409. 
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nitroamines. Since the reaction was heated to reflux overnight it is reasonable that elimination to the 

conjugated system 20 occured under thermodynamic control.  

 

Scheme 5 ς Synthesis of a nitro-olefin from a Nitro-Mannich reaction  

LƴǘŜǊŜǎǘƛƴƎƭȅΣ IǳǊŘ ŀƴŘ {ǘǊƻƴƎ ǊŜǇƻǊǘŜŘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ʲ-nitroamine 23 from the reaction of 

nitroalkanes 22 with the preformed imine 21 derived from aniline (Scheme 6).10  

 

R
1
 = Me, Et 

Scheme 6 ς Nitro-Mannich reaction with a preformed imine  

The next major development of the nitro-Mannich reaction came in 1976 when Muhlstadt11 and 

Jain12 independently reported a reaction cascade, involving an initial nitro-Mannich reaction between 

a nitroalkane and an imine, followed by an irreversible lactamisation. They both described the 

reaction between methyl 4-nitrobutanoate 24, an aromatic aldehyde and ammonium acetate to 

form the corresponding piperidinone 25 (Scheme 7). Through 1H NMR analysis, Jain confirmed the 

trans stereochemistry of nitropiperidinones 25. 

 
R = Me, OMe, Cl, N(Me)2, CN, NO2, Br 

Scheme 7 - First nitro-Mannich / lactamisation cascades 

 In both publications, the scope of the reaction was fairly limited, and included only a small number 

of substituted aromatic aldehydes.  

                                                           
10

 Hurd, C. D.; Strong, J. S. J. Am. Chem. Soc. 1950, 72, 4813. 
11

 Mühlstädt, M.; Schulze, B. J. F. Prakt. Chem. 1975, 919. 
12

 Bhagwatheeswaran, H.; Gaur, S. P.; Jain, P. C. Synthesis 1976, 615. 
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The first acyclic diastereoselective nitro-Mannich reaction was reported by Anderson and co-workers 

in 1998 (Scheme 8).13 They described the addition of lithium salts of nitroalkanes 26 to N-(p-

methoxybenzyl) imines 27 in the presence of acetic acid in good to excellent yields (60 to 95%) and 

good diastereocontrol (1.5:1 to 10:1 in favour of the anti diasterŜƻƛǎƻƳŜǊύΦ ʲ-Nitroamines 28 were 

further reduced and deprotected to the more stable diamines 29 without erosion of the 

diastereomeric ratio. The mild reaction conditions could tolerate aromatic, branched aliphatic and 

enolisable imines. 

 

R
1 
= Me, Et, Ph; R

2
 = Ph, 

n
Pn, 

c
Hex, Ph, CH2OBn, (CH2)3Ph 

Scheme 8 ς First Acyclic diastereoselective nitro-Mannich reaction  

This work represents a milestone in the research around the Nitro-Mannich reaction, as from then 

on, an increasing interest for this reaction can be witnessed, with over 150 reports covering both 

diastereoselective and/or enantioselective versions of the reaction using metal-catalyst (section I-1-

2) or organocatalysts (section I-1-3). 

I.1.2 Stereoselective metal-catalysed nitro-Mannich reaction14  

With the aim of improving the efficiency of their reaction and of developing an enantioselective 

version of it, Anderson et al. reported in 2001 the reaction of aryl and alkyl imines 30 with 1-

trimethyl nitropropanoate 31 catalysed by scandium triflate (Scheme 9).15  

                                                           
13

 Adams, H.; Anderson, J. C.; Peace, S.; Pennell, A. M. K. J. Org. Chem. 1998, 63, 9932. 
14

 For a review: a) Westermann, B. Angew. Chem. Int. Ed. 2003, 42, 151. b) Marqués-lópez, E. ; Merino, P. ; Tejero, T.; 
Herrera, R. P. Eur. J. Org. Chem. 2009, 15, 2401. 
15

 Anderson, J. C.; Peace, S.; Pih, S. Synlett 2000, 6, 850. 
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R
1 
= Ph, c-hexyl, (CH2)4CH3, (CH2)4Ph, 2-furyl; R

2
 = PMB, PMP 

Scheme 9 ς Synthesis ƻŦ ʲ-nitroamines 30 

¢ƘŜ ŘŜǎƛǊŜŘ ʲ-nitroamines 32 were isolated in moderate to excellent yields (53% to 99%) and no to 

good diastereoselectivities (1:1 to 9:1). In most cases, the PMP protected imine was found to provide 

higher yields and diastereocontrol than the PMB analog. 

The same year, Qian et al. also reported the use of lanthanides derivatives as catalyst of the nitro-

Mannich reaction between aryl sulfonylimines 33 and nitromethane 34 in excellent yields (92% 

average yield) (Scheme 10).16 

 

Scheme 10 ς Nitro-Mannich reaction of sulfonylimines catalysed by Yb(O
i
Pr)3 

The first catalytic enantioselective nitro-Mannich reaction was achievŜŘ ōȅ {ƘƛōŀǎŀƪƛΩǎ ƎǊƻǳǇ ƛƴ мффф 

between nitromethane 34 and N-phosphinoyl imines 36 (Scheme 11).17  

 

Ar = Ph, 4-Cl-C6H4, p-tolyl, 2-furyl, 2-thiophenyl 

Scheme 11 ς First enantioselective nitro-Mannich reaction by Shibasaki 

The authors reported the use of heterobimetallic complex containing both Brønsted basic and Lewis 

acidic functionalities. They investigated several catalytic systems, with different metals and various 

                                                           
16

 Qian, C.; Gao, F.; Chen, R. Tetrahedron Letters 2001, 42, 4673. 
17

 Yamada, K.; Harwood, S. J.; Gröger, H.; Shibasaki, M. Angew. Chem. Int. Ed. 1999, 38, 3504. 
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stoichiometric ratios, and they found that the complex [YbK(binaphthoxide)3] 37 (Figure 1), prepared 

from a mixture of Yb(OiPr)3, KOtBu and (R)-binaphtol in a 1:1:3 ratio, was the best heterobimetallic 

catalyst for the reaction. 

 

Figure 1 ς Heterobimetallic complex (Yb/K/(R)-naphthol 1/1/3) 37 

The scope of the reaction was limited to the reaction of aromatic N-phosphinoyl imines 36 with 

nitromethane 34 but the products 38 were isolated in moderate to excellent yields (41% to 93%) and 

with good to excellent enantioselectivity (69% to 91% ee). Unfortunately, other nitroalkanes, such as 

nitroethane, failed to react under the reaction conditions. In addition, the reaction required long 

reaction times (3 to 7 days) at cryogenic temperatures and with slow addition of nitromethane 34 

over 27 hours. 

In an extension of this work, Shibasaki and co-workers published in 2001 the first diastereoselective 

catalytic asymmetric nitro-Mannich reaction with nitroalkanes 39 and N-phosphinoyl imines 36 

(Scheme 12).18 The reaction was catalysed by Al-Li[(R)-binaphthoxide]2 (ALB) KO-t-Bu complex, a 

heterobimetallic asymmetric complex containing both Brønsted acid and Lewis acidic functionalities.  

                                                           
18

 Yamada, K.; Moll, G.; Shibasaki, M. Synlett 2001, 980. 
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R = Me, Et, (CH2)2OBn; Ar = Ph, 4-Cl-C6H4, 4-MeO-C6H4. 

Scheme 12 ς First diastereoselective catalytic asymmetric nitro-Mannich reaction  

The anti nitro-Mannich products 40 were obtained in moderate to very good enantioselectivities 

(60% to 83% ee) and low to moderate diastereoselectivities (3:1 to 6:1 dr). The scope of the reaction 

with respect to the nitroalkane 39 was extended from the exclusive use of nitromethane 34 to 

nitroethane and 1-benzyloxy-3-nitropropane. However, the scope of the reaction with respect to the 

imine was still limited to aromatic imines 36. 

 

In 2001, Jørgensen and co-workers published the first catalytic nitro-Mannich reaction that was both 

highly anti diastereoselective and enantioselective19. They described the reaction of silylnitronates 42 

and PMP-protected iminoester 43 in the presence of 20 mol% of various copper-bisoxazoline 

catalysts (Scheme 13).  

                                                           
19

 Knudsen, K. R.; Risgaard, T.; Nishiwaki, N.; Gothelf, K. V.; Jørgensen, K. A. J. Am. Chem. Soc. 2001, 123, 5843. 
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R
1 
= Me, Et, pentyl, Bn 

 

Scheme 13 ς Asymmetric nitro-Mannich reaction between silylnitronates 42 and imine 43 

The use of silylnitronates 42 avoided the need for a base and anti -̡nitro- -haminoesters 46 were 

synthesised in very good diastereomeric ratios (up to 39:1) and excellent enantioselectivities (up to 

97% ee). The scope of the reaction was also much wider than previous works.  

The same year, the Danish group also presented the reaction of nitroalkanes 47 with iminoester 43 

catalysed by bisoxazoline ligand 44a (20 mol%) and copper (II) triflate 48 in the presence of 

triethylamine (Scheme 14).20  

 

R
1 
= H, Me, Et, pentyl, Ph, Bn. 

Scheme 14 ς Asymmetric nitro-Mannich reaction between nitroalkanes 47 and imine 43 

The rŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ ƳƛƭŘŜǊ ŀƴŘ ǘƘŜ ŘŜǎƛǊŜŘ ʲ-nitro- -haminoesters 49 were formed in 

moderate to good diastereomeric ratios ranging from 1:1 to 19:1 and in excellent enantiomeric 

excesses up to 99%. It is noteworthy that imine 43 seems particularly well matched for 

enantioselective nitro-Mannich reactions. 

                                                           
20

 Nishiwaki, N.; Knudsen, K. R.; Gothelf, K. V.; Jørgensen, K. A. Angew. Chem. Int. Ed. 2001, 40, 2992. 
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In 2005,  !ƴŘŜǊǎƻƴΩǎ ƎǊƻǳǇ ǊŜǇƻǊǘŜŘ ǘǿƻ ƴŜǿ ŀŘǾŀƴŎŜƳŜƴǘǎ ƻŦ ǘƘŜ ƴƛǘǊƻ-Mannich reaction: a 

diastereoselective method and an asymmetric one. In the first article,21 they describe the reaction of 

heteroaromatic or aliphatic o-methoxybenzyl protected imines 50 with lithium nitropropanate 51 in 

the presence of catalytic acetic acid (method A) or with trimethylsilyl nitropropanate 31 catalysed by 

Lewis acid Sc(OTf)3, Cu(OTf)2 or Ti(OiPr) (method B) to form anti  ̡ -nitroamines 52 (Scheme 15).  

 

R
 
= Ph, n-hexyl, 2-furyl, 2-thiophenyl, n-(N-methyl)pyrrole, 

i
Pr, Me2 

Scheme 15 ς Synthesis of syn and anti ̡ -nitroamines 52 

Both methods provided the product anti-52 in excellent yields (85% in average) and in moderate to 

good diastereoselectivity (1:1 to 19:1 dr), but method A generally provided the highest degree of 

diastereocontrol. The products of the SmI2 reduction of 52 to the corresponding diamines were 

subsequently reacted with phosgene to form cyclic ureas, and the OMB protecting group was 

successfully cleaved in refluxing neat TFA. In addition, they showed that the reaction of imine 50 with 

acetic acid in neat nitropropane allowed the selective synthesis of syn-52. 

In the second article, Anderson et al. presented a general and efficient catalytic asymmetric nitro-

Mannich reaction for the synthesis of anti -̡nitroamines 55 (Scheme 16).22 The addition of 

trimethylsilyl nitropropanate 31 to alkyl, aryl and heterocyclic PMP-protected imines 53 was 

catalysed by the chiral tBu-BOX Cu(II) complex 54. The reaction is broad in scope and uses low 

catalyst loading. The desired products 55 were isolated in excellent yields (86% in average) with low 

to very good diastereomeric ratio (1:1 to > 15:1) and good to excellent enantiomeric excess (70% to 

94%). 

                                                           
21

 Anderson, J. C.; Blake, A. J.; Howell, G. P.; Wilson, C. J. Org. Chem. 2005, 70, 549. 
22

 Anderson, J. C.; Howell, G. P.; Lawrence, G. P.; Wilson, C. J. Org. Chem. 2005, 70, 5665. 
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R
 
= Ph, n-pentyl, c-hexyl, 2-furyl, 2-CN-C6H4, 4-CN-C6H4, 2, 2-Cl-C6H4, 4-Cl-C6H4 

Scheme 16 ς Enantioselective synthesis of anti-55 bearing alkyl, aryl and heteroaromatic substituents 

The same year, Jørgensen and co-workers reported a novel nitro-Mannich methodology to form 

quaternary stereocenters (Scheme 17).23 2-Nitropropanoic acid tbutyl ester 56 was reacted with 

PMP-protected iminoester 43 in the presence of cinchona alkaloid 57 and chiral BOX Lewis acid 

complex 44a. With as little as 5 mol% of catalyst 57, the desired product 58 was isolated in a very 

good yield (85%), with a very good diastereomeric ratio (14:1) and an excellent enantiomeric excess 

(98%). However, the scope of the reaction was limited to the sole example of the reaction between 

iminoester 43 and nitropropanoic acid 56. 

 

 

Scheme 17 ς Formation of optically active quaternary centres in nitro-Mannich reactions 

Palomo et al. described in 2006 the enantioselective nitro-Mannich reaction between Boc-protected 

aryl imines 59 and nitromethane 34 catalyzed by Zn(OTf)2 όол҈ύΣ IǸƴƛƎΩǎ ōŀǎŜ όол҈ύ ŀƴŘ ό-)-N-

methylephedrine ((-)-NME, 45%) (Scheme 18).24 The reaction tolerates aromatic imines bearing 

electron rich, electron-neutral and electron-poor substituents and the desireŘ ʲ-nitroamines 60 were 

                                                           
23

 Knudsen, K. R.; Jørgensen, K. A. Org. Biomol. Chem. 2005, 3, 1362. 
24

 Palomo, C.; Oiarbide, M.; Halder, R.; Laso, A.; López, R. Angew. Chem. Int. Ed. 2006, 45, 117. 
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isolated in good to excellent yields (68% to 92%) and excellent enantiomeric excess (92% ee in 

average).  

 

Ar
 
= Ph, 1-naphthyl, 2-naphthyl, 2-Me-C6H4, 4-Me-C6H4, 3-MeO-C6H4, 4-MeO-C6H4, 4-Cl-C6H4,  

4-F3C-C6H4, 3-NO2-C6H4, 4-NO2-C6H4, 3,5-Cl2, 4-MeO-C6H2. 

Scheme 18 ς Enantioselective nitro-Mannich reaction catalysed by Zn(OTf)2 and NME 

The reaction was found to be sensitive to moisture and protic contaminants, and therefore the use of 

molecular sieves in the reaction was found to be crucial for the enantioselectivity. 

In 2007, Trost et al. published the first enantioselective nitro-aŀƴƴƛŎƘ ǊŜŀŎǘƛƻƴ ƻŦ ʰΣʲ-unsaturated 

imines catalysed by the dinuclear zinc catalyst 62 (Scheme 19).25 The reaction scope was very broad 

and tolerated various imines 61 bearing aromatic and alkyl suōǎǘƛǘǳŜƴǘǎ ŀǎ ǿŜƭƭ ŀǎ ʰΣʲ-unsaturated 

ones. The desired products 63 were formed in moderate yields (56% in average) but with very good 

to excellent enantiomeric excess (75% to 99%).  

 

R
1 
= 

t
Butyl, TBSOCH2(CH3)2C-, Ph, 2-furan, 2-thiophene, 2-Me-C6H4, 4-Me-C6H4, 4-MeO-C6H4, PhCH=CH;  

R
2 
= 

t
Butyl, Bn, Me 

Scheme 19 ς Enantioselective nitro-Mannich reaction catalysed by dinuclear zinc catalyst 62 

The same year, Feng and co-workers found that the nitro-Mannich reaction between N-tosyl imines 

64 and nitromethane 34 could be catalyzed by the complex formed between N,N-dioxide 65 and 

copper(I) triflate (Scheme 20).26 The scope of the reaction was probed with aromatic and 

heteroaromatic imines 64 bearing electron-donating, electron-withdrawing and electron-neutral 

                                                           
25

 Trost, B. M.; Lupton, D. W. Org. Lett. 2007, 9, 2023. 
26

 Zhou, H.; Peng, D.; Qin, B.; Hou, Z.; Liu, X.; Feng, X. J. Org. Chem. 2007, 72, 10302. 
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ǎǳōǎǘƛǘǳŜƴǘǎ ŀǊƻǳƴŘ ǘƘŜ ǊƛƴƎΦ ¢ƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ʲ-nitroamines 66 were formed in excellent yield 

(83% in average) and with excellent enantioselectivities (89% in average).  

 

R = Ph, 1-naphthyl, 2-naphthyl, 4-Me-C6H4, 3-Me-C6H4, 2-Me-C6H4, 4-MeO-C6H4, 2-furyl, 4-Cl-C6H4. 

Scheme 20 ς Enantioselective nitro-Mannich reaction catalysed by N,N-dioxide 65 

In addition, the following year, they extended the use of N,N-dioxide 65 and they reported the first 

enantioselective nitro-Mannich reaction of ketoimines 67 ǘƻ ŦƻǊƳ ʲ-nitroamines 68 bearing a 

quaternary center (Scheme 21).27 The desired products 68 were isolated in moderate yield (45% in 

average) but excellent enantiomeric excess (88% in average). In addition the scope of the reaction 

was broad and even included the imine of a dialkyl ketone.  

 

R
1
 = Ph, 2-naphthyl, 2-furyl, 2-thienyl, cyclohexyl, Ph(CH2)2, 2-F-C6H4, 4-F-C6H4, 4-Cl-C6H4, 3-Cl-C6H4, 4-Br-C6H4, 

4-Me-C6H4, 4-MeO-C6H4, 2-MeO-C6H4, 3-MeO-C6H4; R
2
 = Me, Et. 

Scheme 21 ς First enantioselective nitro-Mannich reaction of ketoimines 67 

Lƴ нллтΣ {ƘƛōŀǎŀƪƛΩǎ ƎǊƻǳǇ ǊŜǇƻǊǘŜŘ ǘƘŜ ŦƛǊǎǘ syn-selective asymmetric nitro-Mannich reaction 

(Scheme 22).28 A heterobimetallic Cu/Sm/Schiff base (1:1:1) complex 71 was shown to catalyse the 

addition of nitroalkanes 70 to N-Boc-protected imines 69 in good to excellent yield (62% to 99%), 

                                                           
27

 Tan, C.; Liu, X.; Wang, L.; Wang, J.; Feng, X. Org. Lett. 2008, 10, 5305. 
28

 a) For the communication: Handa, S.; Gnanadesikan, V.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2007, 129, 4900. 
b) For the full paper: Handa, S.; Gnanadesikan, V.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, 4925. 
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excellent enantiomeric excess (93% in average) and very high diastereoselectivity (> 20:1). Both Cu 

and Sm metal proved to be crucial to impart high syn-selectivity. 

 

R
1
 = Ph, 3-thienyl, 

n
butyl, 

i
butyl, 4-Me-C6H4, 4-MeO-C6H4, 4-Cl-C6H4, 4-F-C6H4; 

R
2
 = Me, Et, 

n
propyl, Bn 

Scheme 22 ς First syn selective asymmetric nitro-Mannich reaction 

 

In 2008, they showed the utility of the homodinuclear Ni2-Shiff base 76 in the catalytic asymmetric 

nitro-Mannich reaction of tbutylnitroacetates 75 and N-Boc imines 74 (Scheme 23).29 -hQuaternary 

anti- -hnitro- -̡amino esters 77 were obtained in good to excellent yield (67% to 96%), very good anti-

diastereoselectivity (10:1 in average) and excellent enantioselectivity (91-99% ee). In addition, this 

newly developed catalyst is bench stable and the scope of the reaction was quite broad.  

 

R
1
 = Ph, 2-naphthyl, 2-furyl, 4-Me-C6H4, 3-Me-C6H4, 4-MeO-C6H4, 4-Cl-C6H4, C6H5CH2CH2; 

R
2
 = Me, Et. 

Scheme 23ς Enantioselective nitro-Mannich reaction between N-Boc-imines 74 and nitroacetates 75 

 

                                                           
29

 Chen, Z.; Morimoto, H.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2008, 130, 2170. 
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In 2010, Shibasaki and co-workers reported a catalytic asymmetric nitro-Mannich reaction with Yb/K 

heterobimetallic catalyst between N-Boc-imines 78 and nitroethane 79 (Scheme 24).30 ¢ƘŜ ʲ-

nitroamines 81 were isolated in very good yields (77% in average) with low to excellent anti 

diastereoselectivity (2.4:1 to 22:1 dr) and low to very good enantiomeric excess (14% to 86%). 

 

R
1
 = Ph, 2-naphthyl, 4-Me-C6H4, 3-Me-C6H4, 4-MeO-C6H4, 4-Cl-C6H4, 4-F3C-C6H4; 

Scheme 24 ς Enantioselective nitro-Mannich reaction with Yb/K heterobimetallic catalyst 

More recently, Anderson et al. reported an enantioselective nitro-Mannich reaction between 

aromatic nitroalkenes 82 and a N-PMP-imine 86 ǘƻ ŦƻǊƳ ʲ-nitroamines 87 with three contiguous 

stereocenters (Scheme 25).31 First, a 1,4-addition of dialkylzinc to aromatic nitroalkenes 82, catalysed 

by known copper-chiral ligand catalysts 83 and 84, led to intermediates 85 which, upon treatment 

with N-PMP-imines 86 in the presence of TFA at -78 °C provided the desired products 87. Very 

interestingly, the selective formation of the syn,anti or of the syn,syn diastereoisomers 87 was 

controlled by the choice of solvent. This work was particularly important as it represents one of the 

few examples of syn-selective nitro-Mannich reaction. The desired products 87 were obtained in 

moderate to good yields (59% to 75%) and very good to excellent enantiomeric excess (85% to 96%).  

                                                           
30

 Nitabaru, T.; Kumagai, N.; Shibasaki, M. Molecules 2010, 15, 1280. 
31

 Anderson, J. C.; Stepney, G. J.; Mills, M. R.; Horsfall, L. R.; Blake, A. J.; Lewis, W. J. Org. Chem. 2011, 76, 1961. 
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Ar = Ph, 2-furyl, 2-thienyl, 4-Me-C6H4, 4-MeO-C6H4, 4-NO2-C6H4, 2-F3C-C6H4, 2-MeO-C6H4;. 

R
1
 = Me, Et; R

2
 = Ph, 2-furyl, 2-thienyl, 4-Me-C6H4, 4-Cl-C6H4, n-Pn, CO2Et 

Scheme 25 ς Solvent controlled formation of anti- and syn- -̡nitroamines 87 

 

In conclusion, various organometallic catalysts have been developed and used in the nitro-Mannich 

reaction to achieve high degrees of diastereo- and enantiocontrol. Other methodologies using 

organocatalysts have also been developed and they are the focus of the following section. 

I.1.3 Stereoselective nitro-Mannich reaction using 

organocatalysts32  

In the past years, we have witnessed a growing interest for organocatalysis as organocatalysts are 

generally cheaper, more stable and less toxic than organometallics compounds. In other words and 

more practically, they are nice and easy to use and to prepare and they do not require to be handled 

in a glove box. In this respect, the nitro-Mannich reaction was considered a perfect model system to 

test the efficiency of new organocatalysts.  

 

The first enantioselective nitro-Mannich reactions using organocatalysts were reported 

independently by Takemoto and Johnston in 2004 using different organocatalysts. Takemoto and co-

workers described the enantioselective reaction of nitromethane 34 with aromatic N-

phosphinoylimines 88 catalysed by the thiourea derivative 89 (Scheme 26).33 The scope of the 

                                                           
32

 For a review: Marqués-López, E.; Merino, P.; Tejero, T.; Herrera, R. P. Eur. J. Org. Chem. 2009, 2401. 
33

 Okino, T.; Nakamura, S.; Furukawa, T.; Takemoto, Y. Org. Lett. 2004, 6, 625. 
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reaction was limited to aromatic and heteroaromatic N-phosphinoylimines 88 but the desired -̡

nitroamines 90 were isolated in moderate to very good yield (57% to 91%) and moderate to good 

enantioselectivities (63% to 76% ee).  

 

Ar = Ph, 2-furyl, 2-thienyl, 2-pyridyl, 2-naphthyl, cinnamyl, 4-Me-C6H4, 4-Cl-C6H4. 

Scheme 26 ς First organocatalytic enantioselective nitro-Mannich reaction by Takemoto 

The catalyst utilised by Johnston et al. allowed the enantioselective reaction of aromatic N-Boc-

imines 91 and nitroalkane 92 catalysed by the bisamidine ligand 93 with a higher degree of 

enantiocontrol (Scheme 27).34 The desired anti- -̡nitroamines 94 were obtained in moderate to good 

yields (51% to 69%), very good to excellent anti-diastereoselectivity (7:1 to 19:1 dr) and moderate to 

excellent enantiomeric excess (59% to 95%). However the scope of the reaction was fairly limited and 

was restricted to aromatic groups bearing electron withdrawing substituents.  

 

Ar = Ph, 4-NO2-C6H4, 3-NO2-C6H4, 4-CF3O-C6H4, 4-Cl-C6H4, R = H, Me. 

Scheme 27 ς First organocatalytic enantioselective nitro-Mannich reaction by Johnston 

By using a different thiourea derivative 96 ǘƘŀƴ ǘƘŜ ƻƴŜ ǳǎŜŘ ōȅ ¢ŀƪŜƳƻǘƻΣ WŀŎƻōǎŜƴΩǎ ƎǊƻǳǇ ǿŀǎ 

able to increase the yield and the enantioselectivity of the nitro-Mannich reaction between aromatic 

                                                           
34

 Nugent, B. M.; Yoder, R. A.; Johnston, J. N. J. Am. Chem. Soc. 2004, 126, 3418. 
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N-Boc-imines 95 and nitroethane 79 (Scheme 28).35 The desired anti- -̡nitroamines 97 were formed 

in excellent chemical yield (93% in average), moderate to excellent anti-diastereoselectivity (2:1 to 

16:1 dr) and excellent enantiomeric excess (95% in average). In addition the reaction was successfully 

performed with 2-nitropropane 13, and the newly formed product bearing a quaternary centre was 

isolated in excellent yield (87%) and enantiomeric excess (92%).  

 

Ar = Ph, 2-furyl, 2-pyridyl, 2-naphthyl, 4-Me-C6H4, 3-Me-C6H4, 4-Cl-C6H4, 3-Cl-C6H4, 2-Cl-C6H4, 4-Meo-C6H4, 

Scheme 28 ς First organocatalytic enantioselective nitro-Mannich reaction by Takemoto 

The first asymmetric nitro-Mannich reaction catalysed by a phase-transfer-catalyst (PTC) was 

ǊŜǇƻǊǘŜŘ ōȅ wƛŎŎƛΩǎ ƎǊƻǳǇ in 2005 and they described the reaction of nitromethane 34 with 

alkyl and aryl Boc-imines 98 (Scheme 29).36 This work is particularly valuable as the scope of 

the reaction, usually limited to aromatic imines, included a wide variety of alkyl imines. The 

reaction with N-benzyl quininium chloride 99 ǇǊƻǾƛŘŜŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ʲ-nitroamines 100 

in excellent yield (85% in average) and very good to excellent enantioselectivity (73% to 98% 

ee). 

                                                           
35

 Yoon, T. P.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2005, 44, 466. 
36

 Fini, F.; Sgarzani, V.; Pettersen, D.; Herrera, R. P.; Bernardi, L.; Ricci, A. Angew. Chem. Int. Ed. 2005, 44, 7975. 
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R = Ph, 2-furyl, 1-naphthyl, 4-MeO-C6H4, 2-Br-C6H4, PhCH2CH2, Cy, 
i
Pr, Et, Me. 

Scheme 29 ς First enantioselective nitro-Mannich reaction catalysed by PTC 

In 2008, OoƛΩǎ ƎǊƻǳǇ ŘŜǎƛƎƴŜŘ ŀƴ efficient bifunctional organocatalyst 102 that utilised the lowest 

catalyst loading reported so far (1 mol%) for the nitro-Mannich reaction of N-Boc-imines 101 with 

tbutyl-2-nitropropionate 56 ǘƻ ŦƻǊƳ ʰ-nitro- -̡amino esters 103 bearing a quaternary centre (Scheme 

30).37 The diastereomeric ratio in this reaction was moderate (2:1 to 5:1), however the efficiency 

(95% yield in average) and the degree of enantioselectivity (98% and 90% ee in average for the syn 

and anti diastereomers respectively) were exceptionally high.  

 

R = Ph, 2-furyl, 1-naphthyl, 4-MeO-C6H4, 4-Cl-C6H4, 4-Br-C6H4, 4-MeOCO-C6H4, 2-Me-C6H4, PhCH2CH2, 

CH3(CH2)7 

Scheme 30 ς Enantioselective nitro-Mannich reaction catalysed by bifunctional catalyst 102 

 

Since its early discovery in 1897, the nitro-Mannich reaction had received a shy interest from the 

synthetic community for the majority of the 20th century. However, since the late nineties various 

methods have been developed with the aim of improving on the efficiency, the stereoselectivity and 

                                                           
37

 Uraguchi, D.; Koshimoto, K.; Ooi, T. J. Am. Chem. Soc. 2008, 130, 10878. 
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the generality of the nitro-Mannich reaction. Nowadays, there exist a wide variety of catalysts and 

methods that can be used on various substrates to perform nitro-Mannich reaction with high 

degrees of both diastereo- and enantiocontrol. Accordingly, the nitro-Mannich is just starting to be 

used in synthesis. 

I.1.4 The nitro-Mannich reaction in synthesis 

Very few syntheses of natural products or biologically active compounds report the use of a nitro-

Mannich reaction. This is probably due to the fact that the development of efficient and 

stereoselective methodologies were only reported in the past decade and that the nitro group is not 

available in a lot of commercial compounds.  

The first time a nitro-Mannich reaction was described in a synthesis it was the result of serendipity. 

Indeed, in 1978, Walser et al. reported,38 in the work towards the synthesis of 

imidazobenzodiazepines, the unexpected cyclisation of 104 upon treatment with sodium 

borohydride. Instead, upon reduction of the nitro alkene to the corresponding nitro-alkane, a nitro-

Mannich reaction took place and formed the bridged compound 105 (Scheme 31). 

 

Scheme 31 ς First nitro-Mannich reaction reported in synthesis 

In 1993, Desai and co-workers reported the first synthesis of a biologically active compound CP-

99,994 109 via a nitro-Mannich reaction as key step (Scheme 32). 39 The trans 5-nitropiperidin-2-one 

ring 106 was efficiently and selectively constructed in one step via a nitro-Mannich / lactamisation 

cascade in 98% yield. Three subsequent steps afforded the synthesis of CP-99,994 109 in 26% overall 

yield. 

                                                           
38

 Walser, A.; Benjamin, L. E.; Flynn, T.; Mason, C.; Schwartz, R.; Fryer, R. I. J. Org. Chem. 1978, 43, 936. 
39

 Desai, M. C.; Thadio, P. F.; Lefkowitz, S. L. Tetrahedron Lett. 1993, 34, 5831. 
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a)i) 

t
BuOK-O3, -78 °C; Me2S; ii) NH2OH.HCl; b) i) Raney-Ni, H2; ii) 2-MeO-benzaldehyde, NaBH3CN, 4Å MS; 

iii) SiO2 gel column; c) i) BMS, THF, reflux; ii)HCl, Et2O. 

Scheme 32 ς First deliberate nitro-Mannich reaction in synthesis 

 

In 2002, Shibasaki and co-workers reported the first synthesis of biologically active compounds based 

on an asymmetric nitro-Mannich reaction key step. Indeed ICI-199441 112 and CP-99,994 109 were 

both synthesised in six steps from benzaldehyde imine 110 (Scheme 33) via an initial enantioselective 

nitro-Mannich reaction catalysed by heterobimetallic complexes of Yb 37 and ALB-KO-tBu 

respectively.40  

After its formation via the nitro-Mannich reaction of imine 110 and nitromethane 34Σ ʲ-nitroamine 

111 (obtained in >99% ee after recrystallisation) subsequently underwent a reduction with Raney-Ni 

and a reductive alkylation to construct the pyrrolidine ring of 112. This was followed by the 

deprotection of the phosphinoyl group, a methylation and an acylation reaction to form ICI-199441 

112 in 35% yield overall.  

{ƛƳƛƭŀǊƭȅΣ ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ ¢.{ ƎǊƻǳǇ ƻŦ ʲ-nitroamine 113 followed by a Dess-Martin oxidation, and 

spontaneous cyclisation allowed the formation of the piperidine of 109; subsequently, the 

stereocenter was epimerized, the nitro group reduced with Zn, the o-anisyl group was introduced by 

reductive alkylation, and treatment by LiAlH4 simultaneously afforded the deprotection of the 

phosphinoyl group and the reduction the enamine moiety. CP-99,994 109 was isolated in 13% over 

six steps. 

                                                           
40

 Tsuritani, N.; Yamada, K-I.; Yoshikawa, N.; Shibasaki, M. Chem. Lett. 2002, 276. 
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a) Raney-Ni, H2, EtOH, RT, 92%; b) OHC(CH2)2CHO, NaBH3CN, EtOH, pH 5, 0 °C, 81%; c) 1.5M HCl-EtOH, RT, 

98%; d) i) HCO2Ac, -20 °C, ii) LiAlH4, reflux, 90% over 2 steps; e) ArCH2COCl, CH2Cl2, RT, 87%, Ar=3.4-

dochlorophenyl. 

 
f) HF-pyridine, THF, 0 °C to RT, quant.; g) Dess-Martin periodinane, CH2Cl2, RT, 14h, 86%; h) i) TMSCl, DBU, 

CH2Cl2, 0 °C, 1h; ii) AcOH, -78 °C, 15 min, 83% over 2 steps; i) Zn, NH4Cl, MeOH/H2O, RT, 85%; j) o-

anisaldehyde, NaBH3CN, 3A MS, MeOH, RT, 3h, 81%; k) LiAlH4, THF, RT, 30%. 

Scheme 33 ςEnantioselective synthesis of ICI-199441 and CP-99,994 

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ȅŜŀǊΣ wƛŎŎƛΩǎ ƎǊƻǳǇ ŘŜǎŎǊƛōŜŘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ IL± ǇǊƻǘŜŀǎŜ ƛƴƘƛōƛǘƻǊǎ ǿƘƛŎƘ ƛƴŎƭǳŘŜŘ ŀ 

nitro-Mannich reaction as a key step. Indeed, the reaction of enantiopure N-PMP-imine 114 and 

trimethylsilyl nitropropanoate 115 was catalysed by Sc(OTf)3 to form 116 in 66% yield after 

subsequent reduction of the nitro group (Scheme 34). The diastereocontrol was poor (1.5:1 dr) but 

the separation of the anti,syn-major and anti,anti-minor diastereoisomers was afforded by column 

chromatography. 

 

Scheme 34 ς Enantioselective synthesis of HIV protease inhibitors 

In 2009, Dixon et al. published the total synthesis of nakadomarin A 120 featuring a nitro-Mannich / 

lactamisation cascade as one of the key steps (Scheme 35).41 Indeed the six-membered ring of the 

spiro intermediate 119 was synthesised from the reaction of nitro-alkane 117 with formaldehyde 9 

                                                           
41 Jakubec, P.; Cockfield, D. M.; Dixon, D. J. J. Am. Chem. Soc. 2009, 131, 16632. 
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and 6-aminohex-1-ene 118 in refluxing methanol in 68% yield. The total synthesis of Nakadomarin A 

120 was completed in 12 steps (longest linear sequence).  

 

Scheme 35 ς Nitro-Mannich / lactamisation cascade in the total synthesis of Nakadomarin A 

More recently, Kumaraswany et al. reported the synthesis of L-(-)-733,061 124 and (2S,3R)-methyl-3-

aminopiperidine-2-carboxylate 127 via a catalytic enantioselective nitro-Mannich reaction which, in 

one step, established the desired stereocenters with high degrees of selectivity (Scheme 36).42 The 

rest of the synthesis required an additional 7 steps in both cases.  

 

 

Scheme 36ς Synthesis of L-(-)-733,061 and (2S,3R)-methyl-3-aminopiperidine-2-carboxylate  

 

                                                           
42

 Kumaraswany, G.; Pitchaiah, A. Tetrahedron 2011, 67, 2536. 



25/283 

I.2 The synthesis of pyrrolidin-2-ones 

Pyrrolidine and pyrrolidinone rings are common motifs found in many biologically active natural 

products and drugs.43, 44, 45, 46, 47, 41 The structures of these compounds range from relatively simple 

monocyclic pyrrolidinone, such as Dysiamide G 128, to architecturally complex polycyclic ring system, 

such as the one found in the alkaloid nakadomarin A 120 (Figure 2). 

 

Figure 2 ς Pyrrolidine and pyrrolidin-2-one heterocycles in biologically active natural products and drugs 

The abundance of the pyrrolidin-2-one motif in desirable targets has led to considerable interest 

from the synthetic community and various methodologies exist for their synthesis. However, to the 

best of our knowledge, there are no general method that can routinally be employed to access a 

wide variety of pyrrolidin-2-ones bearing different substituents around the ring. To illustrate this, we 

will present a selection of some of the most general examples of pyrrolidin-2-ones synthesis.  

In 1947, Franck, Schmitz and Zeidman reported the synthesis of 1,5-dimethyl-2-pyrrolidinone 136 on 

a 200 g scale starting from levulinic acid 133 (Scheme 37).48 Imine 134, formed from the 

condensation of ketone 130 and methylamine, was subsequently reduced by Raney-nickel to afford 

amine 135. Spontaneous lactamisation afforded 1,5-dimethyl-2-pyrrolidinone 136 in 75% yield after 

purification by distillation. 

                                                           
43

 (a) Carmely, S.; Gebreyesus, T.; Kashman, Y.; Skelton, B. W.; white, A. H.; Yosief, T. Aust. J. Chem. 1990, 43, 1881. (b) 
Sauleau, P.; Retailleau, P.; Vacelet, J.; Bourguet-Kondracki, M.-L. Tetrahedron 2005, 61, 955.  
44

 Isolation: Rainey, D. P.; Smalley, E. B.; Crump, M. H.; Strong, F. M. Nature 1965, 205, 203. 
45

 Isolation: Issa, H. H.; Tanaka, J.; Rachmat, R.; Setiawan, A.; Trianto, A.; Higa, T. Marine Drugs 2005, 3, 78. 
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 Isolation : Courley, J. M.; Heacock, R. A; McInnes, A. G.; Nikolin, B.; Smith, D. G. Chem. Commun. 1969, 
709. 
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 (a) Robson, R. H.; Prescott, L. F. Br J. Clin. Pharmacol. 1979, 7, 81. (b) Anon Federal Drug Register 
1975, 40, 17838. (c) Ward, J. W.; Gilbert, D. L.; Franko, B. V.; Woodard, G.; Mann, G. T. Toxicology and 
applied Pharmacology 1968, 13, 242. 
48

 Frank, R. L.; Schmitz, W. R.; Zeidman, B. Org. Syn. Coll. Col. 1947, 3, 328. 
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Scheme 37 ς Synthesis of 1,5-dimethyl-2-pyrrolidinone 136 

In 1952, Moffett described the multi-gram synthesis of 5,5-dimethyl-2-pyrrolidinone 139 starting 

ŦǊƻƳ ƳŜǘƘȅƭ ʴ-methyl- -ɹnitrovalerate 137(Scheme 38).49 Amine 138, formed from the reduction with 

Raney-nickel of the nitro group of 137, was cyclised in hot ethanol to afford 5,5-dimethyl-2-

pyrrolidinone 139 in 88-96% yield after purification by distillation. 

 

Scheme 38 ς Synthesis of 5,5-dimethyl-2-pyrrolidinone 146 

These early developments, allowed the efficient synthesis of pyrrolidi-2-ones but the scope of the 

reaction was limited.  

Fowler and co-workers reported the synthesis of 1,5-disubstitutedpyrrolidin-2-ones 142 via the flash 

vacuum thermolysis (FVT) of hydroxamic acid derivatives 140 to form N-acyl imines 141 which can 

subsequently undergo an intramolecular ene reaction (Scheme 39).50 The approach is mechanistically 

interesting and original but the desired products 142 were formed in low to moderate yields (9% to 

40%). 

                                                           
49

 Moffett, R.B. Org. Syn. Coll. Col. 1952, 32, 49. 
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 Lin, J-M.; Koch, K.; Fowler, F. W. J. Org. Chem. 1986, 51, 167. 
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Scheme 39 ς Synthesis of 1,5-disubstitutedpyrrolidin-2-ones by FVT 

In 2003, Feringa and Minaard published an improved method with respect to the yield of the 

synthesis of pyrrolidin-2-ones via a tandem Heck / allylic substitution reaction (Scheme 40).51 The 

ǊŜŀŎǘƛƻƴ ƻŦ ˖ ƻƭŜŦƛƴƛŎ N-tosylamines 143 and vinylic bromides 144 was catalysed by palladium to 

form the corresponding 1,5-disubstitutedpyrrolidin-2-ones 145 in moderate to very good yields (53% 

to 92%). 

 

Scheme 40 ς Synthesis of 1,5-disubstitutedpyrrolidin-2-ones via a tandem Heck / allylic substitution reaction 

!ƴ ƛƳǇǊƻǾŜŘ ƳŜǘƘƻŘƻƭƻƎȅΣ ƛƴ ǘŜǊƳǎ ƻŦ ǎŎƻǇŜ ŀƴŘ ȅƛŜƭŘ ǿŀǎ ǊŜǇƻǊǘŜŘ ōȅ DƻǘǘƭƛŎƘΩǎ ƎǊƻǳǇ ƛƴ нллоΦ52 

They described the copper (I) chloride catalysed cyclisation of unsaturated N-chloroamides 147 to 

form the corresponding pyrroldin-2-ones 148 substituted in various positions (Scheme 41). The 1,3,5-

trisubstituted pyrrolidinones 148 were obtained in good to excellent yield (63% to 96%). 

                                                           
51

 Pinho, P.; Minaard, A. J.; Feringa, B. L. Org. Lett. 2003, 5, 259. 
52

 Schulte-Wülwer, I. A.; Helaja, J.; Gottlich, R. Synthesis. 2003, 12, 1886. 
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Scheme 41 ς Synthesis of 1,3,5-tr isubstitutedpyrrolidin-2-ones  

In 2005, Li et al. reported an intramolecular cyclisation reaction of amidyl radicals generated from N-

acytriazenes to access pyrrolidin-2-ones 150 (Scheme 42).53 They also found that the terminal 

substitution at the C=C double bond resulted in the formation of the fused polycyclic pyrrolidin-2-

ones 151 and that the degree of substitution had a strong influence on the chemoselectivity of the 

reaction.  

 

Scheme 42 ς Synthesis of pyrrolidin-2-ones 150 and fused polycyclic pyrrolidin-2-ones 158  

More recently, Che et al. ŘŜǾŜƭƻǇǇŜŘ ŀ ƘƛƎƘƭȅ ŜŦŦƛŎƛŜƴǘ ƎƻƭŘ ŎŀǘŀƭȅǎŜŘ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ŀŘŘƛǘƛƻƴ ƻŦ ʲ-

ketoamides to unactivated alkenes moieties of 152 for the synthesis of pyrrolidin-2-ones 153 

(Scheme 43).54 The scope of the reaction was broad and allowed various substitution patterns at the 

1, 3, 4 and 5 positions (153a, 153b, 153c and 153f) and even enabled the synthesis of spiro products 

                                                           
53

 Lu, H.; Li, C. Tetrahedron Letters. 2005,46, 5983. 
54

 Zhou, C.-Y.; Che, C.-M. J. Am. Chem. Soc. 2007, 129, 5828. 
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(153d and 153e). The reaction was extremely efficient: pyrrolidinones 153 were isolated in excellent 

yield (98% in average) with only 5% catalyst loading. 

 

Scheme 43 ς Synthesis of pyrrolidin-2-ones 153  

 

 

In this DPhil work, we proposed to develop new one-pot cascade reaction involving a nitro-Mannich 

reaction in order to easily access highly substituted heterocycles containing a nitrogen atom; and we 

will mainly focuse on pyrrolidin-2-ones.  
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CHAPTER 1  Synthesis of 1,5-disubstituted-4-nitropyrrolidinones via a nitro-Mannich / lactamisation cascade 
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1.1 Context  

A reaction cascade, involving an initial nitro-Mannich reaction between a nitroalkane and an imine 

(cyclic or acyclic formed in situ or otherwise), followed by an irreversible lactamisation, was first 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ƛƴ ǘƘŜ мфтлΩǎΣ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ōȅ aǳƘƭǎǘŀŘǘ55 et al. and Jain56 et al. Both 

research groups described the reaction between methyl 4-nitrobutanoate 24, an aromatic aldehyde 

and ammonium acetate to form the corresponding trans piperidinone 25 (Scheme 44).  

 
R= Me, OMe, Cl, N(Me)2, CN, NO2, Br 

Scheme 44 - First syntheses of piperidinone via a nitro-Mannich / lactamisation cascade 

In both publications, the scope of the reaction was narrow and included only a small number of 

substituted aromatic aldehydes.  

Twenty years later, Desai et al. studied this reaction further, as they found it suitable for exploring 

the structure activity relationship (SAR) of a highly potent substance P antagonist CP-99,994 109.57  

 

Figure 3 - CP-99,994  

A library of trans piperidinones 154 was synthesized from methyl 4-nitrobutanoate 24(Scheme 45) in 

good to excellent yields (67% to 98%), and it appeared that the reaction was facile, general and 

tolerated a wide variety of aldehydes, such as aromatic, heteroaromatic, alicyclic, and conjugated 

examples.  

                                                           
55 Mühlstädt, M.; Schulze, B. J. F. Prakt. Chem. 1975, 919. 
56 Bhagwatheeswaran, H.; Gaur, S. P.; Jain, P. C. Synthesis 1976, 615. 
57 Desai, M. C.; Thadio, P. F.; Lefkowitz, S. L. Tetrahedron Lett. 1993, 34, 5831. 
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R= Ph, cyclohexyl, 

t
butyl, 2-furyl, 2-thiophenyl, 3-pyridyl. 

Scheme 45 - Synthesis of piperidinones 4  

In 2007, Xu and co-workers published a similar reaction cascade starting from enantiomerically pure 

nitroalkanes 155. A small range of nitroalkanes 155 bearing different aromatic groups, obtained in 

one step from an enantioselective Michael addition of malonates to nitrostyrenes, were treated with 

formaldehyde and allylamine in iso-propanol at 55 °C (Scheme 46). The corresponding piperidinone 

156 were formed in moderate to good yields (62% to 81% yield).58 

 

Ar = 4-F-C6H4, Ph, 4-Cl-C6H4, 4-Me-C6H4, 3-pyridine, 4-MeO-C6H4 

Scheme 46 - Synthesis of N-substituted piperidinone 156 via a nitro-Mannich / lactamisation cascade 

Upon decarboxylation, the major diastereoisomer isolated was the cis isomer. The Xu group also 

found that under acidic epimerisation conditions, the cis diastereoisomer could be formed with 

excellent diastereocontrol (dr 32:1) and, upon exposure to weak bases, the thermodynamically 

favored trans isomer could be isolated with a moderate diastereomeric ratio of 1:5. Finally, the 

selective preparation of the trans diastereoisomer was performed via a dynamic crystallization-

driven process in 76% yield and 98% purity (by HPLC).  

In the Dixon group, a first nitro-Mannich / lactamisation cascade was employed in the 

enantioselective formal synthesis of (3S, 4R)-paroxetine 157 (Figure 4).59 

                                                           
58 Xu, F.; Corley, E.; Murry, J. A.; Tschaen, D. M. Org. Lett. 2007, 9, 2669. 
59 Hynes, P. S.; Stupple, P. A.; Dixon, D. J. Org. Lett. 2008, 10, 1389. 
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Figure 4 - (3S, 4R)-paroxetine 7 

 

The enantioenriched Michael adduct 160 was reacted with benzylamine and formaldehyde 9, in 

boiling methanol for 16 hours ǘƻ ƭŜŀŘ ǘƻ ǘƘŜ ʵ-lactam 161, as a single diastereoisomer, in 68% yield 

(Scheme 47). The reductive removal of the nitro group, using a modification of the Ono protocol,60 

also facilitated the decarboxylation. The synthesis of piperidinone 162 was permitted in one pot and 

it constituted a formal synthesis of (3S, 4R)-paroxetine 157. 

 
(a) i) MeNO2, NH4OAc, THF, reflux, 24h; ii) Dimethylmalonate, thiourea organocatalyst 159, CH2Cl2, -нл х/Σ 

72h;(b) CH2O 9, BnNH2, MeOH, reflux, 16h. (c) 
n
Bu3SnH, AIBN, toluene, reflux, 16h. 

Scheme 47 - A formal synthesis of (3S, 4R)-paroxetine 157 via a nitro-Mannich / lactamisation cascade 

 

Since the previous publications described a fairly limited reaction scope, the nitro-Mannich / 

lactamisation reaction was investigated further in the Dixon group. This lead to the development of a 

new methodology for the synthesis of fused polycyclic piperidinones 165 via a nitro-Mannich / 

lactamisation cascade between complex nitroalkane precursors 163 and various cyclic imines 164. 

After several optimisation studies, this reaction was found to proceed best in water heated to 70 °C. 

                                                           
60 Ono, N.; Miyake, H.; Tamura, R.; Kaji, A. Tetrahedron Lett. 1981, 22, 1750. 
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A range of five, six and seven-membered ring imines 164 were used along with various nitroalkanes 

163, and selected examples are shown in Scheme 48.61 

 

Scheme 48 - A direct diastereoselective synthesis of fused polycyclic piperidinone derivatives 165 

The reaction was found to be broad in scope, and 12 new fused polycyclic compounds 165 were 

synthesized in a very good average yield (72%) and excellent diastereocontrol (dr > 98:2). 

Furthermore the utility of this methodology was demonstrated in the total synthesis of nakadomarin 

A 120 (Figure 5) published by Dixon et al. in 2009.62 

 

Figure 5 - Nakadomarin A 

In this total synthesis, a nitro-Mannich / lactamisation cascade was used to synthesize the six-

membered ring of nakadomarin A 120. Nitro-alkane 117 was reacted with formaldehyde 9 and 6-

aminohex-1-ene 118 in refluxing methanol for 4 hours to obtain the corresponding piperidinone 119 

in 68% yield (Scheme 49).  

                                                           
61 Jakubec, P.; Helliwell, M.; Dixon, D. J. Org. Lett. 2008, 10, 4267. 
62 Jakubec, P.; Cockfield, D. M.; Dixon, D. J. J. Am. Chem. Soc. 2009, 131, 16632. 
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Scheme 49 - A nitro-Mannich / lactamisation cascade in the total synthesis of Nakadomarin A 

These previous studies highlighted the utility of a nitro-Mannich / lactamisation cascade as a 

synthetic tool: the reaction is broad in scope, very efficient (in one-pot and one-step, various 

reactions occurred and several chemical bonds are formed) and easy to perform. Nevertheless, in 

former work, such a cascade had never been used to synthesize the five-membered ring analogs, the 

nitro-pyrrolidin-2-ones. Thus, in a continuation of our studies we decided to investigate the synthesis 

of pyrrolidin-2-ones via a three component nitro-Mannich / lactamisation cascade.  

1.2 Goal and preliminary studies 

1.2.1 Pyrrolidine and pyrrolidinone heterocycles 

Pyrrolidine and pyrrolidinone rings are common motifs found in many biologically active natural 

products and drugs63, 64. The structures of these compounds range from relatively simple monocyclic 

pyrrolidinone, such as dysiamide G 128, to architecturally complex polycyclic ring system, such as the 

one found in the alkaloid nakadomarin A 120 (Figure 6). 

 
Figure 6 - Pyrrolidinone and pyrrolidinone rings in natural product and biologically active compounds 

                                                           
63

 (a) Carmely, S.; Gebreyesus, T.; Kashman, Y.; Skelton, B. W.; White, A. H.; Yosief, T. Aust. J. Chem. 1990, 43, 1881. (b) Sauleau, P.; 
Retailleau, P.; Vacelet, J.; Bourguet-Kondracki, M.-L. Tetrahedron 2005, 61, 955.  
64 Isolation: Issa, H. H.; Tanaka, J.; Rachmat, R.; Setiawan, A.; Trianto, A.; Higa, T. Marine Drugs 2005 , 3, 78. 
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The abundance of these motifs in desirable targets has led to considerable interest from the 

synthetic community. Despite the many publications in the field, assessment of the synthetic 

methods against a range of typical targets (from simple monocyclic to complex polycyclic) reveals 

that there is no one general method or strategy that can be routinely employed for the whole class 

of compounds. Accordingly we believed that the development of a new route would be useful in 

both pharmaceutical and natural products synthesis.  

1.2.2 Our approach 

Our proposed cascade is shown in Scheme 50. Treatment of an aldehyde 166 an with amine 167 

should lead to the rapid formation of the imine intermediate 168 which is poised to undergo proton 

exchange with the acidic nitroalkane 169. This mutually reactive ion pair 170 should then undergo 

carbon-carbon bond formation to give the nitro-Mannich product 171 which, through favourable 

positioning of the amine and the ester functionality, is able to undergo irreversible lactamisation to 

afford 172.  

 

Scheme 50 ς Proposed nitro-Mannich / lactamisation cascade for the synthesis of pyrrolidin-2-ones 172 

1.2.3 Synthesis of the starting material: methyl 3-nitropropanoate 169 

Methyl 3-nitropropanoate 169 was prepared in 3 steps via a modification of literature procedures, 

starting from acrolein 173 (Scheme 51).65 First, a nucleophilic addition of nitrite anion on acrolein 173 

                                                           
65 (a) Griesser, H.; Ohrlein, R.; Schwab, W.; Ehrler, R.; Jager, V. Org. Synth. 2004, Coll. Vol. 10, 577. (b) Silva, P. C.; Costa, J. S.; Pereira, V. L. P. 
Synth. Commun. 2001, 31, 595. 
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provided 3-nitropropanal 174 in 72% yield. Then, a Pinnick oxidation on aldehyde 174 afforded 3-

nitropropanoic acid 175 as a white solid after trituration in chloroform. Finally, methyl-3-

nitropropanoate 169 was formed by esterification, catalyzed by concentrated sulfuric acid in boiling 

methanol in 75% yield over the two steps. 

In order to form methyl-3-nitropropanoate 169 in one step, the addition of sodium nitrite was 

attempted directly on methyl acrylate. Unfortunately, only traces of product were formed. Methyl 

acrylate is probably not electrophilic enough to undergo such transformation.  

 

Scheme 51 ς A three steps synthesis of methyl 3-nitropropanoate 169 

The sequence described above was therefore gradually scaled up from 500 mg scale, until it was 

performed on 40 g scale of acrolein to form the desired nitroester in 54% overall yield. 

With methyl 3-nitropropanoate 169 starting material in hand, we were ready to start probing its 

reactivity towards a nitro-Mannich / lactamisation cascade. 

1.2.4 Proof of principle  

In order to probe the reactivity of methyl 3-nitropropanoate 169 in the nitro-Mannich / lactamisation 

cascade for the synthesis of pyrrolidinone heterocycles, it was decided to use a preformed cyclic 

imine 176 in to order limit the number of variables in the reaction and thus prevent side reactions as 

much as possible. Accordingly, a solvent screen was undertaken, for the reaction between methyl 3-

nitropropanoate 169 and 3,4-dihydroisoquinoline 176a, in order to isolate some of the desired fused 

polycyclic pyrrolidinone 177a (Table 1). 

The solvent screen was performed in sealed microwave vials (to maintain a constant volume of 

solvent), at 60 °C (lower than the boiling point of the solvent tested) and under an atmosphere of 

nitrogen (to maintain a constant pressure). The NMR yield was measured by 1H NMR spectroscopy, 

against tribromobenzene as an internal standard, after an arbitrary period of 17 hours. 
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Entry Solvent 177a (%) dr 

1 Water - - 
2 MeOH 18% 2.5:1.0 
3 CH3CN 15% 1.5:1.0 
4 THF 32% 3.0:1.0 
5 CHCl3 17% 3.2:1.0 
6 Toluene 42% 4.2:1.0 
7 Hexane 90% 1.4:1.0 
8 Neat 100% 1.0:1.0 

Table 1 ς Solvent screen with preformed cyclic imines 176a 

Previous studies on nitro-Mannich lactamisation cascades in our group61,62 showed that polar protic 

solvents were preferred for the synthesis of piperidinone derivatives. However, in the present case of 

5-membered ring formation, little or no conversion was observed in water and methanol (entries 1-

2). Pleasingly, some product was observed with aprotic solvents (entries 3-6), and hexane and neat 

conditions provided the highest conversion. In toluene, the conversion remained moderate (42%), 

but the diastereocontrol (4.2:1.0) was the highest obtained.  

These results were really encouraging and constituted a sound proof of principle. Nevertheless, our 

goal was to develop a three component cascade, where methyl 3-nitropropanoate 169 would be in 

the same pot along with an aldehyde 166 and an amine 167 (Scheme 52). Therefore we had to select 

another model system for all further studies.  

 

Scheme 52 ς Goal: one pot / three component reaction 

1.2.5 Model system 

In order to develop a general method for the one-pot synthesis of pyrrolidinone 172, starting from 

methyl 3-nitropropanoate 169, it was important to choose wisely the aldehyde 166 and the amine 

167 which were to constitute the model system. First, isobutyraldehyde 166a was selected for three 
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reasons: it possesses a good reactivity, it is branched, which minimized the chance of getting side 

reactions such as the aldol reaction, and it is fairly stable. Second, butylamine 167a was determined 

to be a good choice of linear primary amine: it is commercially available and free from steric 

hindrance, thus ensuring good reactivity.  

A test reaction was then performed using methyl 3-nitropropanoate 169 (1.0 eq), isobutyraldehyde 

166a (1.0 eq), butylamine 167a (1.0 eq) and toluene (0.1 mol/L) at 60 °C under an atmosphere of 

nitrogen (Scheme 53). The reaction was stopped after an arbitrary period of 17 hours and pleasingly, 

the desired pyrrolidinone (±)-172aa was isolated in 50% yield as a single diastereoisomer. 

 

Scheme 53 - Model system 

With a model system and a proof of principle in hand, we started the optimisation studies.  

1.3 Optimisation studies 

1.3.1 Solvent screen 

1.3.1.1 Model system 

The results obtained from the first solvent screen with cyclic imines 176 (Table 1), suggested that 

apolar aprotic solvent, such as hexane and toluene, were preferred for this reaction. Nevertheless, 

the choice of solvent was not easy: the conditions providing the higher conversions (hexane, neat 

conditions) were different from the conditions leading to the higher degree of diastereocontrol 

(toluene). Therefore, it was decided to carry out a new solvent screen for the model system (Table 2).  

Similarly, the reactions were performed in sealed microwave vials, at 60 °C and under an atmosphere 

of nitrogen. The NMR yield was measured by 1H NMR spectroscopy, against tribromobenzene as an 

internal standard, after an arbitrary period of 17 hours.  
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Entry Solvent Product 172aa (%) Start. Mat. (%) dr 

1 Water - - - 
2 MeOH 17% 18% > 98:2 
3 CH3CN 40% 60% > 98:2 
4 THF 43% 57% > 98:2 
5 CHCl3 67% 33% > 98:2 
6 Toluene 50% 50% > 98:2 
7 Hexane 72% 17% > 98:2 
8 Neat 0% - - 

Table 2 ς Solvent screen for the model system 

The results are very similar to the one obtained with cyclic imine 176a, except that in all cases only 

one diastereoisomer was detected. The highest conversions were again provided by apolar aprotic 

solvents: chloroform, toluene and hexane. Surprisingly, the reaction performed under neat 

conditions did not show any traces of product or starting material, whereas in the case of cyclic 

imines (Table 1, entry 8), this set of conditions delivered a 100% conversion to the desired product 

177a. In order to investigate this matter further, three experiments were undertaken and the results 

are presented in Table 3.  

 

Entry Temp. (хC) Time (h) Conversion (%) 

1 60 °C 17h - 
2 60 °C 1h 70% 
3 RT 12h 100% 

Table 3 ς Investigation of the reactivity under neat conditions 

The results presented in Table 3 confirmed that neat conditions reactions are very suitable for this 

reaction, as after stirring overnight at room temperature, the desired product 172aa was formed 

quantitatively as a single diastereoisomer (entry 3). At 60 °C, 70% conversion was measured by 1H 

NMR spectroscopy after only 1 hour and no sign of product or starting material could be found after 
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12 hours. This suggested that the pyrrolidinone 172aa is probably sensitive to the reaction conditions 

and can degrade by prolonged exposure. 

These results were very promising, but neat conditions  can make it difficult to follow the reaction 

overtime, as it is difficult to sample a homogeneous fraction of the reaction mixture. Also, it was 

important at this point to probe the reactivity of other aldehydes 166 and amines 167 to ensure the 

generality of the method before optimising further.  

1.3.1.2 Other systems 

Two other reagents systems were selected to investigate the influence of the solvent on the 

reactivity and to allow a preliminary probe of the scope. 

In the first system, butylamine 167a remained and isobutyraldehyde 166a was exchanged for p-

methoxybenzaldehyde 166b. The reaction was run under the same conditions as previous solvent 

screens, and with the three best solvents: toluene, chloroform and hexane. The results are displayed 

in Table 4. 

 

Entry Solvent Product 172ba (%) dr 

1 CHCl3 38% > 98:2 
2 Toluene 58% > 98:2 
3 Hexane 28% > 98:2 

Table 4 ï Solvent screen for the reaction of butylamine 167a and p-anisaldehyde 166b 

Pleasingly, the desired product 172ba was isolated in all three reactions, as a single diastereoisomer. 

The reaction performed in toluene provided the highest conversion after 17 hours at 60 °C. 

In the second system, isobutyraldehyde 166a remained and butylamine 167a was exchanged for 

benzylamine 167b (Table 5).  
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Entry Solvent Product 172ab (%) dr 

1 CHCl3 50% > 98:2 
2 Toluene 15% > 98:2 
3 Hexane 82% > 98:2 

Table 5 ï Solvent screen for the system benzylamine/isobutyraldehyde 

Again, the desired product 172ab was isolated in all three reactions as a single diastereoisomer but 

the conversion varied significantly with the solvent as shown in Table 5. Hexane gave an excellent 

conversion of 82% whereas in toluene, a poor conversion of 15% was measured by 1H NMR 

spectroscopy. 

1.3.1.3 Choice of solvent 

The results obtained from the four different solvent screens showed that apolar aprotic solvent, such 

as hexane, chloroform and toluene, are preferred for the reaction studied. The results did not allow 

us to easily select one solvent as the best one, since the solvent which provided the highest 

conversion, depended strongly upon the reagent system. Therefore we needed to consider other 

factors. Hexane was eliminated for the same reason neat conditions were: hexane does not solubilise 

the reaction mixture and therefore taking aliquots which are representative of the reaction at a given 

time is difficult. Both toluene and chloroform provided a homogeneous reaction mixture, but toluene 

was preferred because in the first solvent screen it was the solvent that provided the highest 

diastereocontrol. Also, toluene with its high boiling point (110 °C) allowed room for thermal 

optimisation. Accordingly, toluene was chosen for the rest of optimisation studies.  

1.3.2 Oxygen in the reaction 

Once the choice of the solvent was made, we ran the reaction several times to assess its 

reproducibility. Unfortunately, under what seemed to be similar reaction conditions (temperature, 

stoichiometry, concentration), the conversion obtained after 4 hours ranged from 28% to 72%. It 

appeared that the only remaining variable was the gaseous environment. Accordingly, we set up two 
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reactions: one open to the air, and another one which was vigourously degassed (by pumped/fill ed 

method), before being left under an atmosphere of nitrogen. Both reactions were monitored by 1H 

NMR spectroscopy and the results are depicted in Graph 1.  

 

 

Graph 1 - Influence of degassing the reaction mixture on the progress of the reaction 

 

As seen in graph 1, the reaction which was not degassed stalled at about 30% conversion, whereas 

the reaction which was previously degassed proceeded smoothly up to 80% conversion as a single 

diastereoisomer. Therefore, it was evident that one of the components of the air was affecting the 

reaction. Further studies were undertaken to rationalise this result and will be discussed in chapter 5.  

1.3.3 Further NMR studies to improve the overall yield of the reaction 

After realising that the reaction mixture had to be pumped/filled with nitrogen, the reaction was 

found to be reproducible. Nevertheless, the isolated yield still needed improvement.  



CHAPTER 1 - Synthesis of 1,5-disubstituted-4-nitropyrrolidinones via a nitro-Mannich / lactamisation cascade 44/283 

1.3.3.1 Isolation of a side product 

Further NMR studies were undertaken to improve the yield of the reaction. The model reaction was 

set up and the conversion was monitored closely by 1H NMR over a period of 10 hours. The results 

are plotted in Graph 2. As shown in the graph, at around 60% conversion, the desired product 172aa 

was being consumed and a new product was being formed. This side product was isolated and fully 

characterized, and it was found the to be the h Σʲ-unsaturated product 178.  

 

 

Graph 2 ς Observation of the formation of a side product 

Presumably, 178 is formed via a base catalyzed elimination of the nitro-group of 172aa and to 

prevent its formation it was decided to use an acid to buffer the reaction mixture and suppress any 

base catalyzed reaction pathway. Accordingly, an acid screen was executed. 

1.3.3.2 Acid screen 

In order to test our hypothesis and see if an acid buffer could suppress the side reaction, an 

equivalent of benzoic acid 179, with respect to the amine 167, was added to the model reaction 

system mixture. The consumption of methyl 3-nitropropanoate 169 and the formation of desired 
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product 172aa, as a single diastereoisomer, were monitored by 1H NMR spectroscopy and the results 

are presented in Graph 3. 

 

 

Graph 3 - Suppression of the side product formation by use of an acid buffer 

As shown in Graph 3, buffering the reaction system with benzoic acid 179, avoided the formation of 

the side product and the reaction proceeded smoothly up to 85% conversion. 

Nevertheless we decided to undertake an acid screen to investigate the efficiency of other acid 

buffers. The acid screen was performed in the two best solvents (toluene and hexane) to see if the 

solvent and the acid could have a joined influence on the conversion. It was also decided to try it in 

water, the least favorable solvent for the reaction, to see if the presence of the acid could influence 

the efficiency. The reaction was performed with benzoic acid 179, acetic acid, trifluoroacetic acid, 

and trichloroacetic acid, and the conversion of each reaction was measured by 1H NMR spectroscopy 

after an arbitrary period of 6 hours. The results are presented in Table 6. 
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Entry Acid Toluene Hexane Water 

1 Benzoic acid 94% 98% - 
2 Acetic acid 73% 90% 20% 
3 TFA 44% 14% - 
4 TCA 68% 50% - 

Table 6 ï Acid screen 

In hexane with acetic acid, TFA or TCA, the product of the elimination of the nitro group, compound 

178, is visible by 1H NMR. This could be a consequence of the fact that the reaction in hexane is not 

homogeneous and therefore all the reagents are not necessarily in the same phase. The reaction in 

water still did not show any formation of the product, except when acetic acid was added to the 

reaction. Even then, the reaction was very messy and low yielding, according to the 1H NMR 

spectrum. Benzoic acid 179 is incontestably the best acid for the reaction: there were no traces of 

side product formation and it provided high conversions in toluene and hexane. Benzoic acid 179 was 

therefore used as an acid buffer in all further studies.  

1.3.3.3 Influence of the acid on the kinetics of the reaction 

Thanks to the presence of benzoic acid 179 as an acid buffer, the formation of side product 178 was 

prevented. Furthermore, during these optimisations studies, it appeared that the reaction was 

proceeding faster in the presence of acid. In order to investigate this observation, the reaction of 

methyl 3-nitropropanoate 169 with 3,4-dihydroisoquinoline 176a was performed in deuterated 

toluene, in the NMR machine at 65 °C. A proton NMR was measured every 15 minutes against an 

internal standard allowing us to monitor the NMR yield accurately. One reaction was performed with 

benzoic acid 179 and the other without it. The choice of a preformed cyclic imine was made in order 

to limit the number of variables in the reaction. The results are depicted in Graph 4. 
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Graph 4 - Benzoic acid 179 acts as a catalyst for the reaction 

As shown in Graph 4, the reaction with acid proceeded about 5 times faster than the one without 

acid, which suggested that benzoic acid 179 acted as a catalyst for the reaction. We also decided to 

evaluate the effect of the quantity of acid on the reaction rate. 

Various reactions were performed at 60 °C, with 1.5 equivalents of amine 167 and aldehyde 166 with 

respect to the nitroester 169, and varying equivalents of benzoic acid 179. The conversion was 

monitored by 1H NMR spectroscopy at regular time intervals. The results are presented in Graph 5. 
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Graph 5 - Influence of the quantity of benzoic acid 179 on the reaction rate 

Graph 5 shows that the rate of the reaction increased with increasing equivalents of benzoic acid 

179. Since benzoic acid 179 is readily available and inexpensive, it was decided to use 1 equivalent of 

acid with respect to the amine 167 (1.5 equivalents with respect to the nitroester 169) in our 

reaction for it to proceed at a higher speed.  

After examining the influence of the solvent, the atmosphere of the reaction, and after adding an 

acid buffer, the optimal temperature for the reaction was then investigated. 

1.3.4 Temperature screen 

A range of reactions were performed with 1.5 equivalents of amine 167, aldehyde 24 and benzoic 

acid 179, with respect to the nitroester 169, at different temperatures. Results are presented in 

Graph 6.  
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Graph 6 ς Influence of the temperature on the reaction 

The reaction proceeded at all temperatures between room temperature and reflux in toluene. At 

room temperature, the reaction proceeded very slowly (40% conversion after 7 days). At reflux, the 

reaction was quite fast, and was completed within a few hours, but the product had a tendency to 

decompose under the harsher conditions. At temperatures lower than 60 °C, the reaction was too 

slow. A temperature of 70 °C was found to be the best compromise between reaction time, reaction 

efficiency and degradation of the product. In these conditions, 90% conversion to the desired 

pyrrolidinone 172aa as a single diastereoisomer was reached in 7 hours. The last parameter to 

optimise was the concentration of the reagents. 

1.3.5 Concentration screen 

Several reactions were performed at various concentrations, at 70 °C, with 1.5 equivalents of amine 

167, aldehyde 166 and benzoic acid 179 with respect to the nitroester 169. The results are presented 

in Graph 7. 
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Graph 7 - Optimisation of the concentration 

Quite expectedly, the reaction rate increased with increasing concentration. It is worth noting, that 

the dilution does not have a significant effect on the reactivity and therefore it is possible to change 

the concentration to better accommodate the scale of the reaction. The desired compound 172aa 

was obtained in every reaction as a single diastereoisomer. A concentration of 0.4 mol/L was found 

to be the best concentration to assure a fast reaction and a convenient volume of solvent to work 

comfortably on a 100 mg scale. 

1.3.6 Work-up screen 

Finally, we investigated various ways of working-up the reaction. The first reactions performed were 

purified directly by flash column chromatography. Unfortunately, benzoic acid 179 has a tendency to 

άǎǘǊŜŀƪέ ƻƴ ǘƘŜ ŎƻƭǳƳƴ ŀƴŘ ǿŀǎ always found as a contaminant in the final product. It was decided 

to proceed with an aqueous basic work-up prior to the column to remove the acid from the reaction 

mixture. Several bases were tried: saturated aqueous NaHCO3 (pH = 8.5-9), 1M aqueous K2CO3 (pH = 

13), 1M aqeous NaOH 1M (pH = 14), and 5% aqueous Na2CO3 (pH = 11). All of the work up conditions 
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that were trialed successfully removed benzoic acid 179 from the reaction mixture, but the aqueous 

work up with 1M potassium carbonate provided the cleanest crude product.  

1.3.7 Optimal conditions 

The optimal reaction conditions were found to be the following: 1 equivalent of nitroester 169, 1.5 

equivalents of amine 167, aldehyde 166 and benzoic acid 179, in toluene (c= 0.4 mol/L). The reaction 

vessel had to be sealed and the mixture was pumped/filled three times with nitrogen. The reaction 

was stirred at 70 °C under an atmosphere of nitrogen and the conversion was monitored by TLC. 

Upon completion, toluene was evaporated and the residue taken up in dichloromethane. The organic 

layer was washed three times with 1M aqueous potassium carbonate, dried over sodium sulfate, and 

then concentrated in vacuo to yield the crude desired product 172. Purification was achieved by flash 

column chromatography.  

1.4 Scope of the reaction with acyclic imines 

With optimal reaction conditions in hand, we probed the scope of the reaction with respect to the 

aldehyde 166, to the amine 167 and also to preformed cyclic imines 176.  

1.4.1 Scope with respect to the amine 167 

With respect to the amine 167, 13 pyrrolidinones were synthesized in a very good average yield of 

69%, from 25% to 84% (Scheme 54). In all cases only a single diastereoisomer was observed by 1H 

NMR spectroscopy of the crude material. The amines used were all primary amines ranging from 

linear (167a) to sterically hindered (167m and 167n), and bearing various functional group such as 

ester (167i), acetal (167h), halide (167j), alcohols (167k and 167l) and heterocycle (167g). 
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Scheme 54 - Scope of the reaction with respect to the amine 167 

It is worth noting that the reaction is sensitive to steric bulk. With a non-bulky linear amine, such as 

butylamine (167a), the reaction proceeds smoothly in 72% yield. With isopropylamine (167m), the 

yield is reduced to 63% and no reaction was observed when tbutylamine (167n) was used. A possible 

explanation for this observation will be given in chapter 5.  

1.4.2 Scope with respect to the aldehyde 166 

In order to probe the scope of the reaction with respect to the aldehyde 166, 16 pyrrolidinones were 

synthesised in a good average yield of 62%. Various aldehydes 166 were used ranging from aliphatic 

to aromatic (Scheme 55).  
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Scheme 55 - Scope of the reaction with respect to the aldehyde 166 

 

Aliphatic aldehydes gave excellent diasrereocontrol, only a single diastereomer could be detected in 

the crude 1H NMR with good yields (products 172aa, 172ca and 172da). Non-branched aldehydes 

(products 172na and 172oa) gave a lower yield, presumably due to aldol side reaction. Aromatic and 

heteroaromatic aldehydes ranging from electron-rich (product 172ba) to electron-poor (product 

172ja) and substituted at different positions (products 172fa, 172ga and 172ba) gave excellent yields 

and good diastereocontrol. In some cases, the minor diastereomer could be observed by crude 1H 

NMR and was separable by standard column chromatography to give 172 as single diastereomers 

with the exception of 172ka which was obtained with a dr of 90:10.  
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1.5 Extension of the reaction to cyclic imines 176 

1.5.1 Synthesis of fused polycyclic pyrrolidinones 177 

According to the solvent screen and preliminary studies, the preformed cyclic imines 176 have a 

similar reactivity to acyclic ones 168, but they lead to a lower degree of diastereoselectivity. Four 

cyclic imines (176a-d) were synthesized (Figure 7) and reacted with methyl 3-nitropropanoate 169 in 

the conditions previously optimised for the nitro-Mannich / lactamisation cascade.  

A range of six and seven membered ring imines 176a-d (Figure 7) were prepared according to 

literature procedures.  

176a66 and 176c67 were made in two steps, respectively from phenylethylamine and 

dimetoxyphenylethylamine via a Bischler-Napieralski reaction. A nitration of 176a  gave 176b 68 

in one step. 176d 69 was synthesised in three steps from ɻ-tetralone. 

 

Figure 7  ï Cyclic imines 176a-d 

Extension of the methodology to cyclic imines allowed the formation of polycyclic pyrrolidinone 

derivatives 177a-d (Scheme 56). Imines 176a-d were reacted with methyl-3-nitropropanoate 169 in 

toluene with benzoic acid at 70 °C.  

                                                           
66 Eliott, M. C.; Williams, E. Org. Biomol. Chem. 2003, 1, 3038. 
67 Warrener, R. N. Tetrahedron 1998, 54, 7485. 
68 Venkov, A. P.; Statkova-Abeghe, S. Synth. Comm. 1996, 26, 127. 
69 (a) Grunewald, G. L.; Dahanukar, V. H.; Ching, P.; Criscione, K. R. J. Med. Chem. 1996, 39, 3539. (b) Jakubec, P.; Helliwell, M.; Dixon, D. J. 
Org. Lett. 2008, 10, 4267. 
 

Scheme 4 

Figure 4 
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Scheme 56 ς Fused polycyclic pyrrolidinones 177a-d 

The reactivity was similar to those of aliphatic imines 168 and the products were formed in excellent 

yields. However, a lower diastereoselectivity was observed in all cases with crude diastereomeric 

ratios ranging from 1:1 to 4.5:1. 

Interestingly, as we were investigating an enantioselective version of the nitro-Mannich / 

lactamisation cascade (Chapter 4), it was found that replacing benzoic acid 179 for chiral phosphoric 

acid 180 (Figure 8) significantly increased the diastereocontrol. This required further investigation. 

 

Figure 8 ς (R)-оΣоΩ-triphenylsilyl-binolphosphoric acid 180 

1.5.2 Attempts at improving the diastereocontrol of the reaction with 
cyclic imines 176 

1.5.2.1 Influence of the acid on the diastereocontrol 

First, a quick screen was executed to assess the effect of the nature of the acid on the 

diastereocontrol. Every imine 176a-d was subjected to the reaction in absence of acid, with benzoic 

acid 179 (1 equivalent with respect to the imine 176) and with a chiral phosphoric acid 180 (10 

mol%). The results are presented in Table 7. 
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Entry Imine Acid dr 

1 176a - 4.5:1 
2 176a Benzoic acid 179 (1 eq) 2.0:1 
3 176a Phosphoric acid 180 (0.1 eq) 14.0:1 
4 176b - 2.8:1 
5 176b Benzoic acid 179 (1 eq) 1.0:1 
6 176b Phosphoric acid 180 (0.1 eq) 7.5:1 
7 176c - 2.0:1 
8 176c Benzoic acid 179 (1 eq) 2.0:1 
9 176c Phosphoric acid 180 (0.1 eq) 5.0:1 
10 176d - 4.5:1 
11 176d Benzoic acid 179 (1 eq) 4.5:1 
12 176d Phosphoric acid 180 (0.1 eq) 7.0:1 

Table 7 - Acid screen to probe the diastereocontrol 

Table 7 shows that the diastereocontrol depends strongly on the acid used in the reaction. In the 

presence of benzoic acid 179 (1 equivalent with respect to the imine 176), we obtained 

diastereomeric ratios ranging from 1.0:1 to 4.5:1. In absence of acid, the diastereomeric ratios were 

comparable to those with benzoic acid 179 (entries 7 and 10) or doubled (entries 1 and 4). The best 

results were found when using 10 mol% of phosphoric acid 180 with diastereomeric ratio ranging 

from 5:1 to 14:1.  

In order to see if the strength of the acid had any effect on the diastereocontrol, the reaction was 

repeated with three acids of different pKa: benzoic acid 179 (pKa = 4.2), para-toluenesulfonic acid 

181 (pKa = -6.5) and thiophenol 182 (pKa = 6.6) (Table 8). 

 

Entry Acid Conversion dr (major/minor) 

1 Benzoic acid 180  100% 2:1 
2 pTSA 181 - - 
3 Thiophenol 182 traces - 

Table 8 ς Influence of acids on the diastereocontrol 
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Unfortunately, in the presence of pTSA 181 or thiophenol 182 the reaction did not proceed. Another 

screen was undertaken (Scheme 57), using aromatic carboxylic acid with various substituents (179, 

183, 184 and 185) to tweak the pKa and different phosphoric acids, both achiral and chiral (186, 187, 

180 and 188). The reactions were stopped after an arbitrary period of 5 hours and the 

diastereomeric ratios were determined by 1H NMR spectroscopy of the crude mixture. 

 

 

 

Scheme 57 ς Influence of the nature of the acid on the diastereomeric ratio 

As seen in Scheme 57, the diastereoisomeric ratios measured for the reactions with the aromatic 

carboxylic acid (179, 183, 184 and 185) were very similar (within experimental error) and therefore it 

does not seem that the strength of the acid plays an important role in controlling the degree of 

diastereoselectivity. Interestingly, results obtained with the phosphoric acids (180 and 186-188) 

suggested that the shape of the acid influences greatly the diastereocontrol with diastereomeric 

ratios varying from 1.6:1 to 14:1.  
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It seemed that the nature of the acid had a great influence on the diastereocontrol. However it was 

not clear whether the acid played a role during the reaction or after the product was formed 

(through equilibration). Accordingly 177a-major and 177b-minor were separated by flash column 

chromatography and submitted separately to simulated reaction conditions: 10 mol% of chiral 

phosphoric acid 180, 1 equivalent of methanol (formed as a product of the lactamisation), and 

various equivalents of imine 176a (Table 9 and Table 10). The diastereomeric ratio of each reaction 

was measured by 1H NMR spectroscopy after 7 hours and 48 hours. 

 

Entry Acid 180 Imine 176a Time (h) dr (major/minor) 

1 10 mol% - 7h 50:1 
2 10 mol% - 48h 50:1 
3 10 mol% 0.5 eq 7h 30:1 
4 10 mol% 0.5 eq 48h 10:1 
5 10 mol% 1.0 eq 7h 25:1 
6 10 mol% 1.0 eq 48h 6:1 
7 10 mol% 1.5 eq 7h 22:1 
8 10 mol% 1.5 eq 48h 5.5:1 

Table 9 ς Assessing the epimerisation potential of 177a-major 
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Entry Acid 180 Imine 176a Time (h) dr (major/minor) 

1 10 mol% - 7h 1:4.5 
2 10 mol% - 48h 1:3.0 
3 10 mol% 0.5 eq 7h 1:6.0 
4 10 mol% 0.5 eq 48h 1:2.4 
5 10 mol% 1.0 eq 7h 1:3.5 
6 10 mol% 1.0 eq 48h 1:1.0 
7 10 mol% 1.5 eq 7h 1:3.5 
8 10 mol% 1.5 eq 48h 1:1.0 

Table 10 ς Assessing the epimerisation potential of 177a-minor 

As shown in Table 9 and Table 10, an epimerisation post cyclisation is possible as equilibration 

happened in all the reactions performed, with the exception of entries 1-2, Table 9. Also, the 

epimerisation process was more efficient with increasing amounts of imine 176a present in the 

reaction. It is worth noting that the equilibration process is slow compared to the time of the 

reaction. Indeed, the reaction proceeded to completion in about 10 hours and after 48 hours 177a-

minor had only epimerized to a diastereomeric ratio of 1:1.  

Finally, two reactions, one without acid and one with benzoic acid, were followed over time until 

they reached full conversion. The conversion and the diastereomeric ratio at a given time were 

measured by 1H NMR spectroscopy and the results are reported in Table 11and Table 12. 
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Entry Reaction time (h) Conversion dr (major/minor) 

1 3 h traces - 
2 18 h 27% 6.5:1 
3 28 h 34% 6:1 
4 40 h 50% 5.8:1 
5 48 h 60% 4.6:1 
6 72 h 100% 4.5:1 
7 96 h 100% 2.6:1 
8 120 h 100% 2:1 

Table 11 ς Reaction without acid: erosion of the diastereomeric ratio overtime 

 

 

Entry Reaction time Conversion  dr (major/minor) 

1 1 h 74% 2.2:1 
2 2 h 81% 2.0:1 
3 3 h 85% 2.0:1 
4 7 h 93% 2.0:1 
5 24 h 100% 2.0:1 

Table 12 ï Reaction with benzoic acid: dr constant overtime 

The results reported in Table 11 and Table 12 are really important and provide, combined with 

previous observations, a strong evidence to explain the origin of the diastereocontrol. In the absence 

of acid (Table 11) the diastereomeric ratio was found to vary overtime, from 6:1 to 2:1, whereas in 

the presence of benzoic acid 179 (Table 12) the diastereomeric ratio remained constant overtime (dr 

2:1). This suggests that equilibration to the thermodynamic ratio (2:1) occurs instantly with benzoic 

acid but the process is much slower in the absence of acid. In the case where we used chiral 

phosphoric acid 180, we believed that the high degree of diastereocontrol (14:1 for 177a) is due to 

the action of acid 180 which prevents the equilibration pathway and therefore the dr observed is the 

result of the reaction under kinetic control with little erosion by equilibration post-reaction. For 

acyclic imines, the dr was found to be the same with or without acid (benzoic acid 179 or chiral acid 
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180) and constant overtime. This suggests that in the case of acyclic imines the thermodynamic 

product and the kinetic products are the same. 

 

Several parameters, such as the dilution, the temperature and the stoichiometry of the reagents 

were also tested to evaluate their influence on the diastereoselectivity. Since benzoic acid 179 is 

cheap and commercially available unlike the chiral phosphoric acid 180, the rest of the optimization 

studies were performed with benzoic acid 179. 

1.5.2.2 Influence of the dilution on the diastereocontrol 

In order to assess the influence of the dilution on the diastereocontrol, the reaction was set up at 

various concentrations and the diastereomeric ratios were measured by 1H NMR spectroscopy on the 

crude mixture upon completion of the reaction (Table 13).  

 

Entry Volume Concentration dr (major/minor) 

1 0.5 mL 0.38 mol/L 2.5:1 
2 1.0 mL 0.19 mol/L 2.2:1 
3 1.5 mL 0.12 mol/L 2.1:1 
4 3.0 mL 0.06 mol/L 1.9:1 
5 5.0 mL 0.04 mol/L 1.8:1 

Table 13 ς Influence of the dilution on the diastereocontrol 

As shown in Table 13, the diastereomeric ratio decreases with increasing dilution with values going 

from 2.5:1 at 0.38 mol/L (entry 1) to 1.8:1 at 0.04 mol/L (entry 5). Nevertheless, the effect of dilution 

is very moderate. 

1.5.2.3 Influence of the temperature on the diastereocontrol 

Then, we investigated the influence of the temperature on the diastereoselectivity. The reaction was 

then run at various temperatures, ranging from room temperature to 110 ɕC, and the diastereomeric 
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ratios were measured by 1H NMR spectroscopy on the crude mixture upon completion of the 

reaction (Table 14). 

 

Entry Temperature dr (major/minor) 

1 RT 1.4:1 
2 ол х/ 1.5:1 
3 рр х/ 1.9:1 
4 70 х/ 2.0:1 
5 90 х/ 2.2:1 
6 wŜŦƭǳȄ όммл х/ύ 2.4:1 

Table 14 ς Influence of the temperature on the diastereocontrol 

As shown in Table 14, the diastereomeric ratio increased with the temperature, from 1.4:1 at room 

temperature (entry 1) to 2.4:1 at 110 °C in refluxing conditions (entry 6). The temperature has a 

greater effect on the diastereocontrol than the dilution, but it remains moderate.  

1.5.2.4 Influence of the stoichiometry of the reagents on the 
diastereocontrol 

The effect of the stoichiometry of the nitroester 169 and the imine 176a were probed respectively. 

Reactions were set up with various quantities of both starting materials, and the diastereomeric 

ratios were measured by 1H NMR spectroscopy on the crude mixture upon completion of the 

reaction (Table 15). 

 

Entry Nitroester 
169 

Imine 176a dr (major/minor) 

1 1.0 eq 3.0 eq 2.2:1 
2 1.0 eq 10.0 eq 2.2:1 
3 1.5 eq 1.0 eq 1.4:1 
4 3.0 eq 1.0 eq 2.0:1 

Table 15 ς Influence of the stoichiometry on the diastereocontrol 
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As seen in Table 15, the stoichiometry of both the nitroester 169 and the imine 176a do not have a 

significant influence on the diastereoselectivity. 

1.5.2.5 Conclusion on the diastereocontrol 

In summary, the diastereomeric ratio is not significantly affected by the stoichiometry of the 

reagents, the concentration, the temperature of the reaction and it remained constant throughout 

the progression of the reaction. Only changing benzoic acid 179 for chiral phosphoric 180 led to a 

strong increase in the diastereoselectivity, and we believed that chiral phosphoric acid blocks the 

thermodynamic equilibration pathway thus leading to the kinetic ratio of products.  

1.6 Elucidation of the stereochemistry 

1.6.1 For pyrrolidin-2-ones 172 

The stereochemistry of the major, and in most cases only, diastereomer obtained was 

unambiguously determined by single crystal X-ray analysis of compound 172ia (Figure 9). By 

comparison of the 1H NMR coupling constants, the stereochemistry of the other compounds (172aa 

to 172qa and 172an) was assigned by analogy. In each case, the nitro group of the major 

diastereomer is in a trans relationship with the R group of the aldehyde, to minimize steric repulsion. 

 

Figure 9 ï Crystal structure of 172ia 
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1.6.2 For fused polycyclic pyrrolidinones 176a-d 

The stereochemistry of the major and minor diastereoisomer of 177a-d was achieved by nOe 

experiment on 177a-major and 177a-minor. The stereochemistry of the other compounds (177b-d) 

was assigned by analogy by comparison of the 1H NMR coupling constants. 

1.7 Conclusion 

In summary, an efficient diastereoselective nitro-Mannich / lactamisation reaction cascade of methyl 

3-nitropropanoate 169 with cyclic 176 and acyclic imines 168. This is the first general method for the 

direct preparation of 1,3-disubstituted-4-nitropyrrolidin-2-ones. The reaction is easy to perform, 

broad in scope (both mono- and polycyclic pyrrolidinone derivatives 172 and 177 respectively can be 

formed) and scalable. It is worth noting that the yield tends to increase with the scale. This multi-

component method is particularly valuable to efficiently generate libraries of compounds or to lower 

the step count of a total synthesis. 

 

Scheme 58 ï Summary 
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CHAPTER 2  Synthesis of 1,3,5-trisubstituted-4-nitropyrrolidinones via a Nitro-Mannich / Lactamisation cascade.  
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2.1 Context  

In the previous chapter, we described the development of a new methodology for the direct 

diastereoselective synthesis of trans 1,5-disubstituted-4-nitropyrrolidinones 172 via a nitro-Mannich 

/ lactamisation cascade between methyl 3-nitropropanoate 169 and an acyclic imine formed in situ. 

The reaction was easy to perform, very broad in scope and the method was extended to the reaction 

with preformed cyclic imines 176 to access fused tricyclic pyrrolidinones 177 in excellent yields (80% 

in average) and good diastereocontrol (from 4:1 to 14:1) (Scheme 59). 

 

Scheme 59 ς Diastereoselective synthesis of monocyclic and fused tricyclic pyrrolidinones 172 and 177 

Considering the abundance of biologically active compounds, such as the HIV inhibitor 18970 and the 

cannabinoid receptor ligand 19071, and natural products, such as dysiamide 19172 and heliotropamide 

19273, containing a pyrrolidin-2-one ring substituted in the 3 position (Figure 10), a method of 

introducing an alkyl substituent alpha to the lactam carbonyl was required.  

Figure 10 ς 3-Substituted pyrrolidin-2-one natural products and biologically active compounds 
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A range of conditions to directly alkylate the previously synthesised pyrrolidin-2-ones 172aa were 

attempted but failed to yield any of the desired products 193aaa and one of them is presented in 

Scheme 60. 

 

Scheme 60 ς Direct alkylation of 172aa alpha to the lactam carbonyl 

Accordingly, and in order to circumvent this issue, we decided to investigate an alternative route in 

which methyl 3-nitropropanoate 169 would be C-alkylated prior to the nitro-Mannich / lactamisation 

cascade. In relation to our previous work detailed in chapter 1, this development would raise new 

issues of reactivity, reaction scope and diastereoselection in the products and as such was a worthy 

pursuit.  

2.2 Proof of principle 

Following modified literature procedures, methyl 2-benzyl-3-nitropropanoate 194a was synthesised 

in one scalable step from the parent methyl 3-nitropropanoate 169.74 The gem-dialkylated 

compound 195a was isolated as a side product of the alkylation reaction (Scheme 61).  

 

Scheme 61 ς Synthesis of 194a via direct alkylation of 169 alpha to the carbonyl 

With 194a in hand, a range of preliminary experiments to identify conditions for a nitro-Mannich 

lactamisation cascade were performed using isobutyraldehyde (1.5 eq), butylamine (1.5 eq) and 

                                                           
74
όŀύ hΩbŜƛƭΣ LΦ !ΦΤ .ƘŀƳǊŀΣ LΦΤ DƛōōǎƻƴǎΣ tΦ 5Φ Chem. Commun. 2006, 4545. (b) Seebach, D.; Henning, R.; Mukhopadhyay, T. 

Chem. Ber. 1982, 115, 1705. 
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benzoic acid (1.5 eq) in a range of solvents at 70 °C in sealed vessels for a fixed time of 12 hours 

(Table 16).  

 

Entry Solvent 1H NMR yield of 193aaa (%) dr 

1 MeOH 29% 2.5:1 
2 EtOAc 62% 3.0:1 
3 Et2O 84% 3.5:1 
4 THF 60% 3.5:1 
5 Hexane 92% 4.5:1 
6 Toluene 93% 4.5:1 

Table 16 ς Preliminary conditions screen  

Although little product was observed in methanol (entry 1), pleasingly with ethyl acetate, diethyl 

ether and tetrahydrofuran as solvents (entries 2, 3 and 4), the reactions were efficient and only 2 of 

the 4 possible diastereoisomers were obtained in moderate to good diastereoselectivities. Further 

screening revealed hexane and toluene to be optimal with respect to both reaction yield and 

diastereoselectivity (entries 5 and 6). 

Unfortunately, with the sterically hindered gem-dialkylated starting material (195a), no reactivity 

under these conditions in toluene was observed (Scheme 62). 

 

Scheme 62 ς Failed attempt at a cascade reaction with gem-dialkylated compound 195a 

With this proof of principle in hand, various reaction parameters were studied in order to optimise 

the reaction conditions. 
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2.3 Optimisation studies 

According to the results obtained in the preliminary solvent screen, the nitro-Mannich / 

lactamisation cascade of substituted nitro-esters proceeds very efficiently (conversion of 93% in 

toluene). However, the stereocontrol of the newly created stereocenters was moderate and an 

optimisation study of the reaction parameters was undertaken with the aim of improving the 

diastereoselectivity. 

2.3.1 Temperature screen 

The first parameter that was studied in order to optimise the diastereoselectivity of the nitro-

Mannich / lactamisation cascade of substituted nitroester 194a was the temperature. The reaction of 

nitroester 194a, isobutyraldehyde 166a, butylamine 167a and benzoic acid 179 was performed at 

various temperatures ranging from room temperature (about 20 °C) to reflux in toluene (about 110 

°C). The diastereomeric ratio was measured by 1H NMR spectroscopy on the crude mixture and the 

results are presented in Table 2. 

 

Entry Temp. (°C) dr 

1 RT 4.5:1 
2 30 °C 4.4:1 
3 55 °C 4.0:1 
4 70 °C 4.5:1 
5 90 °C 3.9:1 
6 110 °C 4.5:1 

Table 17 ς Effect of the temperature on the diastereocontrol 

The desired pyrrolidinone 193aaa was formed at all temperatures but the diastereomeric ratio 

remained unchanged (within experimental error) through the temperature screen.  
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2.3.2 Concentration screen 

Next, we investigated the influence of the dilution on the diastereocontrol. A range of reactions was 

performed with nitroester 194a, isobutyraldehyde 166a, butylamine 167a and benzoic acid 179 at 

different concentration in toluene at 70 °C. The diastereomeric ratio was measured by 1H NMR 

spectroscopy on the crude mixture and the results are presented in Table 18. 

 

Entry Concentration (mol/L) dr 

1 neat 3.0:1 
2 0.68 mol/L 4.2:1 
3 0.34 mol/L 4.5:1 
4 0.22 mol/L 4.5:1 
5 0.11 mol/L 4.5:1 
6 0.05 mol/L 4.6:1 

Table 18 ς Effect of the concentration on the diastereocontrol 

The reaction proceeded at all concentrations even in the absence of solvent. Apart from the reaction 

under neat conditions (entry 1) which provided a lower diastereocontrol (3:1), the dilution did not 

have any effect on the diastereoselectivity and the diastereomeric ratio remained constant at 4.5:1. 

2.3.3 Stoichiometry of the acid 

Then, the effect of the stoichiometry of benzoic acid 179 on the diastereocontrol of the reaction was 

probed. A range of reactions was performed with nitroester 194a, isobutyraldehyde 166a and 

butylamine 167a in toluene at 70 °C with various quantities of benzoic acid 179. The diastereomeric 

ratio was measured by 1H NMR spectroscopy on the crude mixture and the results are presented in 

Table 19. 
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Entry Benzoic acid (eq) Time (h) Conversion (%) dr 

1 - 12 h 18% 6.0:1 
2 - 24 h 43% 5.2:1 
3 0.1 eq 12 h 56% 5.2:1 
4 0.1 eq 24 h 81% 4.5:1 
5 1.5 eq 12 h 68% 4.5:1 
6 1.5 eq 24 h 100% 4.5:1 
7 3.0 eq 12 h 84% 4.5:1 

Table 19 ς Effect of the stoichiometry of benzoic acid 179 on the diastereocontrol 

Each reaction was first sampled after an arbitrary period of 12 hours (entries 1, 3, 5, and 7) and both 

the conversion and the diastereomeric ratio were measured by 1H NMR spectroscopy. Interestingly, 

in the absence of benzoic acid 179 or in reactions employing a catalytic amount of benzoic acid 179 

(0.1 eq), the diastereoselectivity seemed to be improved at low conversions to 6:1 and 5.2:1 

respectively (entries 1 and 3). In order to verify these data, the reactions were allowed to proceed 

further (43% and 81% conversion respectively) and a second sample was taken after another 12 

hours (entries 2, 4 and 6). In both reactions, the diastereomeric ratio had decreased, to 5.2:1 and 

4.5:1 respectively (entries 2 and 4) to reach the usual ratio. With 1.5 equivalents and 3.0 equivalents 

of acid, the diastereoselectivity remained unchanged (4.5:1 dr). It was concluded that the 

stoichiometry of the acid did not have a significant influence on the diastereocontrol but that maybe 

it was changing with the advancement of the reaction which would explain the higher ratio obtained 

in entries 1 and 3. 

2.3.4 Diastereomeric ratio over time 

In order to know if the diastereomeric ratio was changing over time, a new reaction was set up with 

nitroester 194a, isobutyraldehyde 166a, butylamine 167a and benzoic acid 179 (1.5 eq) in toluene at 

70 °C and the diastereomeric ratio was measured every 5 min for an hour, than after 4 hours, 7 hours 

and 48 hours. The diastereomeric ratio was measured by 1H NMR spectroscopy on the crude mixture 

and the results are presented in Table 20. 
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Entry Time dr 

1 5 min - 
2 10 min - 
3 15 min - 
4 20 min - 
5 25 min 4.0:1 
6 30 min 5.0:1 
7 35 min 5.0:1 
8 40 min 5.0:1 
9 45 min 4.0:1 
10 50 min 4.0:1 
11 55 min 4.0:1 
12 60min 4.5:1 
13 4 h 4.5:1 
14 7 h 4.5:1 
15 48 h 4.5:1 

Table 20 ï Diasteromeric ratio overtime 

For the first 20 minutes, the diastereomeric ratio could not be measured because the conversion to 

the desired product 193aaa was too low. Then, between 25 minutes and 48 hours, the 

diastereomeric ratio remained constant within experimental error.  

2.3.5 Conclusion  

Neither the temperature nor the dilution or the stoichiometry of benzoic acid 179 had any effect on 

the diastereoselectivity, and the diastereomeric ratio remained constant overtime. The reaction was 

also performed with chiral phosphoric acid 180 and with various stoichiometry of amine 167 and 

aldehyde 166 and the diastereomeric ratio was not affected by those changes. With optimal reaction 

conditions established, only the scope of the reaction and the degree of stereocontrol possible in the 

formation of the fully substituted pyrrolidin-2-one products 5 remained to be investigated. 
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2.4 Scope of the reaction 

2.4.1 Synthesis of starting material 

A range of substituted nitroesters 194 were synthesised following the same procedures used for 

194a (Scheme 63).74 

 

Scheme 63 ς Synthesis of methyl 2-alkylated-3-nitropropanoates 6 

As seen previously, gem-dialkylated product 195c was isolated as a side product of the formation of 

194c and as predicted it was unreactive towards a nitro-Mannich / lactamisation cascade. 

With nitroester 194a-c in hand, the scope of the reaction could then be probed. 

2.4.2 Preliminary scope 

Initially, with nitroesters 194a-c, we probed the scope of the nitro-Mannich / lactamisation reaction 

using 1.5 equivalents respectively of amine 167, aldehyde 166 and benzoic acid 179 in toluene at 70 

°C. The results are presented in Scheme 64.  
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Scheme 64 ς Establishing the initial scope of the reaction 

The reaction was first performed using isobutyraldehyde 166a and butylamine 167a. Pleasingly, 

mono-substituted alkylnitroesters 194a-c, all provided the desired products 193aaa, 193aab and 

193aac. Reaction yields averaged 73% and moderate to good diastereoselectivities (ranging from 

3.5:1 to 5.5:1 dr) were obtained. Substituting butylamine 167a for 2-(2-methoxyphenyl)ethanamine 

167f gave similar results with isobutyraldehyde (193afa, 193afb and 193afc). In each case, the 2-

methyl substituted nitroester starting material 194c gave a lower diastereoselectivity than the 
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analogous benzyl substituted 194a or ethyl substituted starting material 194b. Interestingly, when p-

methoxybenzaldehyde 166b was employed in the cascade, a significant increase in diastereocontrol 

was observed. With ethyl and benzyl substituted nitroesters 194b and 194a respectively, the 

diastereoselectivity was greater than 10:1. This high level of diastereocontrol was maintained with 

ortho (193faa), meta (193gaa) and para (193baa) substitution around the ring and for electron rich, 

electron poor (193oaa) and halide substituted (193eaa) rings. 

2.4.3 Extended scope 

A closer analysis of the data from Scheme 64 suggested that the degree of diastereocontrol varied as 

a function of the steric demand of the reagents. Accordingly, with the aim of improving the 

diastereomeric ratio, sterically demanding methyl 2-isopropyl-3-nitropropanoate 194d was 

synthesised and another set of pyrrolidinones 193 were synthesised with increasing steric bulk 

around the ring (Scheme 65). 
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Scheme 65 ς Effect of the steric bulk on the diastereoselectivity  

By increasing the steric bulk of the substituents around the ring, it was possible to strongly affect the 

diastereomeric ratio from 3.5:1 for 193nac bearing only linear substituents to 30:1 for 193aad 

bearing two isopropyl groups in the 3 and 5 positions. Whenever methyl 2-isopropyl-3-

nitropropanoate 194d was used, good to excellent diastereocontrol ranging from 7:1 for 193rad to 

30:1 for 193aad, was observed. Using the hindered amine, isopropylamine 167m, also gave rise to 

improved dr (5:1 for 193nmc vs 3.5:1 for 193nac), but the reaction was significantly slower and when 

reacted with 3-isopropylnitroester 194d, no formation of product was witnessed (193nmd and 

193amd). Using tbutyraldehyde 166t also failed to provide any of the desired pyrrolidinone 193tac. 

Further studies to explore the mechanism of the reaction and determine the origin of the 

stereocontrol will be performed in chapter 5. However it is worth noting that the reaction with linear 
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aldehydes, such as hexanal 166n, proceed in lower yields due to the occurance of an aldol side 

reaction. This was an just an hypothesis in chapter 1, but during the formation of 193nac we isolated 

196 which is the product of an aldol reaction which then underwent a nitro-Mannich / lactamisation 

cascade (Scheme 66). 

 

Scheme 66 ς Evidence of the occurance of aldol side reaction 

2.4.4 Extension to the reaction with cyclic imines 

Extension of the methodology to cyclic imines 176b and 176b (Figure 11) allowed the formation of 

multicyclic pyrrolidinone derivatives 177.  

 

Figure 11 ï Cyclic imines 176b and 176d 

Imines 176b and 176d (Figure 11) were reacted with nitroesters 194a-c in toluene with benzoic acid 

179 at 70 ɕC, and the results are presented in Scheme 67.  
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Scheme 67 ς Synthesis of fused tricyclic pyrrolidinones 197 

The products 197 were formed in slightly lower yields and in poor diastereocontrol, and the 

separation of the diastereomeric products proved to be difficult. 

2.5 Stereochemistry 

The trans/trans relative stereochemistry of the major diastereoisomer was unambiguously 

determined by single crystal X-ray analysis of compounds 193aaa and 193oaa. By comparison of the 

1H NMR coupling constants, the stereochemistry of the major diastereoisomer of pyrrolidinones 193 

was assigned by analogy. Similarly, the trans/cis relative stereochemistry of the minor 

diastereoisomers of the reaction was assigned by analogy to that of 193aba which was unambigously 

determined by single crystal X-ray analysis.  

2.6 Conclusion 

In summary, an efficient diastereoselective nitro-Mannich / lactamisation reaction cascade of methyl 

2-alkyl 3-nitropropanoate 6 with imines generated in situ has been developed (Scheme 68). This 

versatile extension of the work reported in the previous chapter now allows direct, 

diastereoselective preparation of 1,3,5-trisubstituted 4-nitropyrrolidin-2-one derivatives 193. The 
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diastereocontrol was found not to be affected by the reaction parameters (temperature, dilution, 

stoichiometry and nature of the acid) and to remain constant over time. However, further studies 

revealed that the diastereoselectivity increased strongly with the steric bulk on the subsituents. The 

methodology has also been extended to the reaction with cyclic imines 176 to give rise to fused 

tricyclic pyrrolidinones 197 in good yields but poor diastereoselectivities.  

 

Scheme 68 ï Summary 

It is noteworthy that this extension of the nitro-Mannich / lactamisation cascade strongly broadens 

the scope of the synthesis of pyrrolidin-2-ones. 

 



CHAPTER 3 - Extension of the Methodologies and Synthetic Applications 80/283 

CHAPTER 3  Extension of the Methodologies and Synthetic Applications 

 

 

 

 

 

 

 

CHAPTER 3 

 

Extension of the Methodologies 

and 

Synthetic Applications 

 

 



CHAPTER 3 - Extension of the Methodologies and Synthetic Applications 81/283 

3.1 Context  

In the first chapter, the development of a new methodology for the direct and efficient 

diastereoselective synthesis of trans 4-nitropyrrolidinones 172 and 177 via a nitro-Mannich / 

lactamisation cascade between methyl 3-nitropropanoate 169 and an imine formed in situ or 

otherwise was described (Scheme 69). 

 

Scheme 69 ς Diastereoselective synthesis of monocyclic 172 and fused tricyclic 177 pyrrolidinones 

In the following chapter, this methodology was extended to the reaction with methyl 2-

alkylsubstituted-3-nitropropanoate 6 to allow the formation of fully substituted pyrrolidinones 5 and 

177e-h (Scheme 70). 

 

Scheme 70 ς Diastereoselective synthesis of fully substituted pyrrolidinones 193 and 197. 

In order to extend this work even further, we proposed to investigate the synthesis of pyrrolidinones 

with others substitution patterns, then to demonstrate their synthetic utility via a range of functional 

group modifications, and finally to investigate the possibility of forming 4, 6, 7 and 8 membered rings 

using a similar methodology. 
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3.2 Various substitution patterns  

In the first two chapters we studied the substitution on the 1, 3 and 5 positions around the 4-

nitropyrrolidinone rings via a nitro-Mannich / lactamisation cascade. We demonstrated that the 

reaction was extremely broad in scope and could tolerate a wide variety of functional groups. 

However, it could be argued that two crucial examples were missing; the ones where the 1 and 5 

positions are substituted by hydrogen atoms; see for example 5-substituted-4-nitropyrrolidinones 

198 and 1-substituted-4-nitropyrrolidinones 199 respectively (Figure 12). Also, we believed it would 

be interesting to attempt the cascade with a methyl 3-alkylsubstituted-3-nitropropanoate, as if 

successful 1,4,5-trisubstituted-4-nitropyrrolidinones 200 would be formed (Figure 12). 

 

Figure 12 ς New target molecules 

3.2.1 First target: 5-substituted-4-nitropyrrolidinones 198 

In order to synthesise 5-substituted-4-nitropyrrolidinones 198, the nitro-Mannich / lactamisation 

cascade had to be performed with an equivalent of ammonia as the amine. Although it may look like 

trivial, it turned out to be a difficult transformation and a long battle to concede the desired product. 

A first test reaction was done with ammonium acetate 201 (5.0 eq) and isobutyraldehyde 166a (1.5 

eq) under our optimised cascade conditions: nitroester 169 (1 eq), benzoic acid 179 (1.5 eq) and 

toluene (0.25 mol/L) (Scheme 71). 

 

Scheme 71 ς Attempted nitro-Mannich / lactamisation cascade with ammonium acetate 
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Unfortunately, under these conditions, none of the desired product 198a was isolated. It appeared 

that changing primary amines 167 for an ammonium salt was modifying the reactivity of the system 

and a solvent screen was undertaken.  

Several reactions were performed with nitroester 169, isobutyraldehyde 166a, ammonium acetate 

201 and benzoic acid 179 at 65 °C in various solvents ranging from polar protic to apolar aprotic. The 

yields and the diastereomeric ratios were measured by 1H NMR spectroscopy on the crude mixture 

and the results are presented in Table 21. 

 

Entry Solvent 1H NMR yield of 198a (%) dr 

1 Water - - 
2 MeOH 66% > 98:2 
3 EtOH 34% > 98:2 
4 CH3CN 33% > 98:2 
5 THF 38% > 98:2 
6 DMF Traces - 
7 DMSO Traces - 
8 CHCl3 26% > 98:2 
9 Toluene - - 
10 Hexane - - 

Table 21 ï Solvent screen  

Although no product was observed in apolar aprotic solvents such as toluene and hexane (entries 9 

and 10), pleasingly with polar aprotic solvents such as tetrahydrofuran and acetonitrile (entries 4 and 

5), the reactions were efficient and diastereoselective. Further screening revealed methanol to be 

optimal with respect to both reaction yield and diastereoselectivity (entry 2).  

The reaction was repeated on 100 mg scale in methanol and the desired pyrrolidinone 198a was 

isolated in 28% yield. Clearly the reaction required some further optimisation. 

Six experiments were set up to test the influence of various parameters on the reaction. The results 

are presented in Table 22. 
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Entry Ammonia 
(eq) 

166a 
(eq) 

Concentration 
(mol/L) 

Benzoic acid  
179 

Conversion 
198a (%) 

1 NH4OAc 201 (5.0 eq) 1.5 eq 0.25 mol/L - 85% 
2 NH4HCO2 202 (5.0 eq) 1.5 eq 0.25 mol/L - 57% 
3 NH4OAc 201 (5.0 eq) 5.0 eq 0.25 mol/L - 99% 
4 NH4OAc 201 (5.0 eq) 1.5 eq 0.75 mol/L - 92% 
5 NH4OAc 201 (5.0 eq) 1.5 eq 0.25 mol/L 1.5 eq 75% 
6 NH4OAc 201 (1.5 eq) 1.5 eq 0.25 mol/L - 54% 

Table 22 ς various  

Replacing ammonium acetate 201 (entry 1) for ammonium formate 202 (entry 2) resulted in a strong 

decrease of the conversion, measured by 1H NMR spectroscopy, after 12 hours. The yield was also 

reduced by lowering the quantity of ammonium acetate 201 from 5.0 equivalents to 1.5 equivalents 

(entry 6) or adding 1.5 equivalents of benzoic acid 179 (entry 5). Pleasingly, increasing the 

stoichiometry of isobutyraldehyde 166a from 1.5 equivalents to 5.0 equivalents or increasing the 

concentration of the reaction mixture enabled the formation of pyrrolidinone 198a in 99% and 92% 

conversion respectively (entries 3 and 4). However, the isolated yields were always significantly 

lower than the conversion observed by 1H NMR spectroscopy and the product was suspected to be 

affected by the reaction temperature. Accordingly, a temperature screen was undertaken and the 

isolated yields are presented in Table 23.  

 

Entry Temp. (ɕC) MeOH (mol/L) Time Isolated yield of 198a (%) 

1 RT 0.25 mol/L 6 days 76% 
2 35 ɕC 0.25 mol/L 6 days 55% 
3 55 ɕC 0.25 mol/L 30 h 68% 
4 70 ɕC 0.25 mol/L 8 h 40% 
5 RT - 6 days 35% 

Table 23 ς Temperature screen  
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As expected, the isolated yield increased with decreasing temperature and the desired product 1a 

was isolated in 40% yield at 70 °C (entry 5) versus 76% yield at room temperature (entry 1). 

Nevertheless, at room temperature the reaction required a long reaction time of 6 days. A 

temperature of 55 °C was considered to provide an acceptable compromise between the efficiency 

of the reaction and the reaction time: 68% yield after 30 hours (entry 3).  

Upon scale up and under our optimised conditions we were delighted to find that the reaction of 

nitroester 169 (1 eq) with isobutyraldehyde 166a (5 eq) and ammonium acetate 201 (5 eq) in 

methanol (0.5 mol/L) at 55 °C provided pyrrolidinone 198a in 80% yield after 24 hours (Scheme 72). 

 

Scheme 72 ς Optimum reaction conditions for the cascade with ammonium acetate 

This was clearly a step forward and we were ready to move on to our next target: 1-substituted-4-

nitropyrrolidinones 2. 

3.2.2 1-substituted-4-nitropyrrolidinones 199 

With the aim of forming pyrrolidin-2-ones 199 bearing only hydrogen atoms in the 5 position, 

formaldehyde 9 had to be utilised as the aldehyde of the cascade reaction. Formaldehyde exists 

under two forms: as the polymer para-formaldehyde 9a or as a 37% solution in water 9b. In order to 

assess the reactivity of 9a and 9b to a nitro-Mannich / lactamisation cascade and to select the best 

reagent, two separate solvent screens were undertaken.  

A first solvent screen was done to probe the reactivity of para-formaldehyde. The reaction of 

nitroester 169 (1 eq) with para-formaldehyde 9a (1.5 eq), butylamine 167a (1.5 eq) and benzoic aicd 

179 (1.5 eq) was performed at 65 °C in a wide variety of solvents ranging from polar protic to apolar 

aprotic (Table 24). 
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Entry Solvent 1H NMR yield of 199a (%) 

1 Water - 
2 MeOH - 
3 EtOH - 
4 CH3CN traces 
5 THF 50% 
6 DMF - 
7 DMSO traces 
8 CHCl3 50% 
9 Toluene - 
10 Hexane - 

Table 24 ς Solvent screen with para-formaldehyde 9a 

The crude reaction mixtures were analysed by 1H NMR spectroscopy and pyrrolidinone 199a was 

observed only in two reactions: with acetonitrile and chloroform, and in both cases the conversion 

had reached 50% after 12 hours (entries 5 and 8). Those two reactions were repeated and the 

conversion monitored by TLC. After 24 hours, both reactions had reached full conversion and the 

crude products were purified by flash column chromatography (Table 25). 

 

Entry Solvent Isolated yield (%) 199a/ 203 

1 THF 63% 203 only 
2 CHCl3 99% 1:1 

Table 25 ς Reaction in tetrahydrofuran and chloroform  

From reaction in tetrahydrofuran, only one product was isolated in 63% yield which, after full data 

analysis, was determined to be compound 203, the product of a double nitro-Mannich reaction and a 

lactamisation (entry 1). The reaction in chloroform (entry 2) provided a 1:1 mixture of desired 

product 199a and side product 203 in 99% yield. 

A second solvent screen was done to probe the reactivity of the 37% solution of formaldehyde 9b in 

water. The reaction of nitroester 169 (1 eq) with formaldehyde bb (1.5 eq), butylamine 167a and 
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benzoic acid 179 was performed at 65 °C in a wide variety of solvents ranging from polar protic to 

apolar aprotic. The conversion was measured by 1H NMR spectroscopy and the results are presented 

in Table 26. 

 

Entry Solvent Conversion of 199a (%) 

1 Water - 
2 MeOH - 
3 EtOH - 
4 CH3CN 62% 
5 THF 31% 
6 CHCl3 - 
7 Toluene 90% 
8 Hexane - 

Table 26 ς Solvent screen with formaldehyde 9b (37% in water) 

The crude reaction mixtures were analysed by 1H NMR spectroscopy and pyrrolidinone 199a was 

observed in three reactions: with acetonitrile, tetrahydrofuran and toluene, in 62%, 31% and 90% 

conversions respectively after 12 hours (entries 4, 5 and 7). The two best reactions were repeated 

and the conversion monitored by TLC. After 24 hours, both reactions had reached full conversion and 

the crude products were purified by flash column chromatography (Table 27). 

 

Entry Solvent Isolated yield (%) 199a/203 

1 CH3CN 10% > 30:1 
2 Toluene 33% > 30:1 

Table 27 ς Reaction in acetonitrile and toluene 

Pleasingly, in acetonitrile and toluene only the desired pyrrolidinone 199a was formed in 10% and 

33% yields respectively and the side product 203 was not observed (entries 1 and 2). Accordingly, 

reaction in toluene with formaldehyde 9b (37% in water) was selected for the rest of the 

optimisation studies. 
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Further experiments were undertaken to probe the effect of the stoichiometry and the presence of 

benzoic acid 179 on the reaction. The results are presented in Table 28.  

 

Entry Butylamine 
(eq) 

9b 
(eq) 

Concentration 
(mol/L) 

Benzoic acid 179 yield (%) 

1 1.5 eq 1.5 eq 0.25 mol/L - bis 
2 1.5 eq 1.5 eq 0.25 mol/L 1.5 eq 33% 
3 5.0 eq 5.0 eq 0.25 mol/L - Bis 
4 0.8 eq 0.8 eq 0.25 mol/L - Bis 

Table 28 ς Optimisation of the stoichiometry of the reagents 

Interestingly, the presence of benzoic acid 179 proved to be crucial for the formation of desired 

product 199a and another screen was performed  in the presence of 1.5 equivalents of benzoic acid 

179 (Table 29). 

 

Entry Butylamine (eq) 9b 
(eq) 

Concentration 
(mol/L) 

Yield 199a (%) 

1 1.5 eq 1.5 eq 0.25 mol/L 48% 
2 1.0 eq 1.0 eq 0.25 mol/L 37% 
3 0.8 eq 0.8 eq 0.25 mol/L 31% 
4 1.5 eq 1.5 eq 0.12 mol/L 60% 
5 1.5 eq 1.5 eq 0.75 mol/L 30% 

Table 29 ς Optimisation of the stoichiometry and the concentration 

The overall progression of the reaction was found to decrease with decreasing equivalents of 

formaldehyde 9b and amine 167a from 48% with 1.5 equivalents of the imine to 31% conversion with 

0.8 equivalents (entries 1-3). However, the reaction proved to perform better at higher dilutions 

(entry 4) than at lower ones (entry 5).  

Another screen was undertaken to investigate further the influence of the dilution and the 

temperature on the reaction efficiency and selectivity. The reaction of nitroester 169 (1 eq) with 
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formaldehyde 9b (1.5 eq), butylamine 167a and benzoic acid 179 (1.5 eq) was performed in toluene 

with different concentrations and temperature. The results are presented in Table 30. 

 

Entry Temp. (ɕC) Concentration 
(mol/L) 

1H NMR yield 199a/ 203 

1 55 ɕC 0.25 mol/L 24% 2.0:1 
2 55 ɕC 0.12 mol/L 61% 1.2:1 
3 55 ɕC 0.06 mol/L 63% 1.0: 3 
4 70 ɕC 0.12 mol/L 85% 25.0:1 

Table 30 ς Optimisation of the temperature 

It was confirmed that higher dilution increased the overall reaction yield; however, it also favoured 

the formation of side product 203. Indeed, at a concentration of 0.25 mol/L, 199a was the major 

product formed in a 2:1 ratio (entry 1), at 0.12 mol/L, both product were formed in quasi equimolar 

quantities (entry 2) and at 0.06 mol/L, products were formed in a 1:3 ratio in favour of the side 

product 203. Interestingly, increasing the temperature from 55 °C to 70 °C resulted in a strong 

selectivity bias for the desired product 199a, which was isolated in a 25:1 ratio at 0.12 mol/L (entry 

4). By assuming that the nitro-Mannich reaction is reversible, at high temperatures the side product 

203 is probably entropically unfavoured and mainly the desired product 199a is formed.  

Pleasingly, under our optimised conditions and upon scale up, the reaction of nitroester 169 with 

formaldehyde 9b (1.5 eq) and butylamine 167a (1.5 eq)  in toluene (0.12 mol/L) at 70 °C, with a large 

excess of benzoic acid (5 eq) performed smoothly and 2a was isolated as the major compound in the 

reaction (25:1 selectivity) in a very good yield (75%) (Scheme 73). 

 

Scheme 73 ςOptimum reaction conditions for the cascade with formaldehyde 7b (37% solution in water) 
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We had now successfully synthesised 2 of our 3 targets and there was one further substitution 

pattern we wanted to investigate, the 4-nitropyrrolidinone 200 substituted in the 4 position.  

3.2.3 1,4,5-Trisubstituted-4-nitropyrrolidinones 

The products of a nitro-Mannich reaction bearing a quaternary centre alpha to the nitro group, has 

been reported in the literature. Indeed, in the introduction, we described the nitro-Mannich reaction 

of N-protected imine with tbutyl-2-nitropropionate 56 ǘƻ ŦƻǊƳ ʰ-nitro- -̡amino esters discovered by 

Jørgensen,75 Shibasaki76 and Ooi77 independently (Scheme 74). 

 

Scheme 74 ς Formation of quaternary centers alpha to the nitro group via Nitro-Mannich reaction  

Accordingly, we believed that if we could synthesise substituted nitroester 204, their subsequent 

reaction with an aldehyde 166 and an amine 167 via a nitro-Mannich / lactamisation cascade could, 

in theory, lead to the desired pyrrolidinones 200 (Scheme 75). 

 

Scheme 75 ς Proposed nitro-Mannich / lactamisation cascade with methyl 3-alkyl-3-nitropropanoate 204 

                                                           
75

 Knudsen, K. R.; Jørgensen, K. A. Org. Biomol. Chem. 2005, 3, 1362. 
76

 Chen, Z.; Morimoto, H.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2008, 130, 2170. 
77

 Uraguchi, D.; Koshimoto, K.; Ooi, T. J. Am. Chem. Soc. 2008, 130, 10878. 
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This approach required, prior to the reaction cascade, the synthesis of 3-alkyl-3-nitropropanoate 204. 

This was achieved in a similar fashion as for the synthesis of methyl 3-nitropropanoate 169, in three 

ǎǘŜǇǎ ŦǊƻƳ ǘƘŜ ʰΣʲ-unsaturated aldehyde precursor 205. Crotonaldehyde 205a, trans-2-hexen-1-al 

205b and cinnamaldehyde 205cΣ ǘƘǊŜŜ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ʰΣʲ-unsaturated aldehyde, were used 

as starting materials. The nucleophilic addition of nitrite to aldehydes 205, followed by a Pinnick 

oxidation and finally an esterification reaction allowed the formation of methyl 3-methyl-3-

nitropropanoate 204a in 12% overall yield and methyl 3-nitro-3-npropylpropanoate 204b in 4% 

overall yield (Scheme 76). Unfortunately, none of the methyl 3-nitro-3-phenylpropanoate 204c was 

isolated, as the more conjugated starting material is probably less reactive. 

 

Scheme 76 ς Synthesis of methyl 3-alkyl-3-nitropropanoate 204a and 204b 

The overall yields of the reactions were low, but the desired product 204a and 204b had been 

isolated in sufficient quantities to attempt the nitro-Mannich / lactamisation cascade. 

The attempted cascade reactions of nitroesters 204a and 204b were performed with 

isobutyraldehyde 166a (1.5 equivalents), butylamine 167b (1.5 equivalents) and benzoic acid 179 (1.5 

equivalents) in toluene at 70 °C (Scheme 77). 

 

Scheme 77 ς Attempts at a nitro-Mannich / lactamisation cascade with methyl 3-alkyl-3-nitropropanoate 204 
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Both reactions were allowed to stir for seven days, but no reaction could be observed and only the 

starting materials were recovered after purification by flash column chromatography. We believe 

that the lack of reactivity of this system is due to steric hindrance and this will be detailed in chapter 

5 which describes our mechanistic investigation. 

3.3 Synthetic utility of the nitro-Mannich product 

In chapters 1 and 2 and the beginning of this chapter, different methods were developed to enable 

the efficient and easy synthesis of 4-nitropyrrolidinones with a wide variety of substitution patterns 

in the 1, 3 and 5 positions. Pyrrolidin-2-ones, as such, are interesting motifs which are recurrent in 

both natural product and biologically active compounds. In addition, the presence of a nitro group 

and a carbonyl group allows the possibility of further functional group modifications leading to an 

even broader range of compounds; the nitro group can be reduced to the corresponding amine or be 

removed via a radical reaction and the lactam carbonyl can be reduced to the amine. 

First, a series of functional group modifications around the nitro-pyrrolidin-2-one ring will be 

performed to emphasise the importance of our method in the context of a total synthesis or of a 

library synthesis. Then, studies towards the total synthesis of crispin A 130 will be reported.  

3.3.1 Functional group modification around the ring 

The reductions of a nitro group and of a lactam carbonyl have been reported independently. 

However it would be interesting to see if we can reduce them selectively, sequentially and 

simultaneously. 

The reduction of lactam carbonyl group by sodium borohydride and boron trifluoride in THF at 40 °C 

has been reported. However, we did not know if these conditions would be inert to the nitro group 

and, accordingly, tests reactions were undertaken on three 1,5-disubstituted nitro-pyrrolidinones 

172rv, 172av and 172ra bearing different substituent in the 1 and 5 positions (Scheme 78). 
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Scheme 78 ς Selective reduction of the carbonyl of lactams 172 

Pleasingly, the carbonyl group was indeed successfully reduced in the presence of the nitro group 

and 1,2-disubstituted-3-nitropyrrolidines 206a, 206b and 206c were isolated by flash column 

chromatography in unoptimised 28%, 33% and 33% yield respectively. The products were fully 

characterised and the presence of the nitro group was unambiguously confirmed by 13C NMR 

spectroscopy and infrared spectroscopy. 

Further reductions of the previously synthesised 3-nitropyrrolidines 206 with nickel boride, formed 

from the reaction of nickel chloride hexahydrate and sodium borohydride in ethanol at 0 °C were 

attempted (Scheme 79). 

 

Scheme 79 ς Reduction of the nitro group to the corresponding amines 207 

We were delighted to find that the nitro group of 3-nitropyrrolidines 206a-c were reduced efficiently 

to the corresponding pyrrolidine amines 207a-c in 60%, 82% and 76% unoptimised yields 
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respectively. Interestingly, the simultaneous reduction of the nitro group and the lactam carbonyl of 

172 with lithium aluminium hydride failed to form any of the corresponding products 207.  

However, the nickel boride reaction conditions allowed the selective reduction of the nitro group of 

pyrrolidinone 172aa selectively in the presence of the lactam carbonyl in 80% yield to form 208 

(Scheme 80). 

 

Scheme 80 ς Selective reduction of the nitro group in the presence of the lactam carbonyl 

We had successfully reduced the nitro group and the lactam carbonyl selectively and sequentially. 

We then attempted the reductive removal of the nitro group with AIBN and Bu3SnH in refluxing 

toluene, using a modification of the Ono protocol,78 on pyrrolidinone 193aaa (Scheme 81). 

 

Scheme 81 ς Reductive removal of the nitro group 

Pleasingly, this was successfully and 3-benzyl-1-butyl-5-isopropylpyrrolidin-2-one 209 was isolated in 

an excellent yield (90%). 

3.3.2 Attempted application to the synthesis of natural product Crispin A 

In 2002, a new indolizidine alkaloid known as crispin A79 130 (Figure 13) was isolated from Carduus 

crispus, a popular invasive plant occurring in Asia and Europe, which was found to exhibit good 

antitumor activity against SKOV3, KB and HeLa human cancer lines. 

                                                           
78

 Ono, N.; Miyake, H.; Tamura, R.; Kaji, A. Tetrahedron Lett. 1981, 22, 1750. 
79

 Isolation: Zhang, Q.; Tu, G.; Zha, Y.; Cheng, T. Tetrahedron 2002, 58, 6795. 
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Figure 13 ς Crispin A 

The fused tricyclic pyrrolidine structure of crispin A 130 made it a perfect target to demonstrate the 

utility of the previously developed nitro-Mannich / lactamisation cascade with preformed cyclic 

imines. This would represent a nice addition to our work. In theory, crispin A 130 could be formed in 

three steps from methyl nitropropanoate 169 and cyclic imine 176c. First a nitro-Mannich / 

lactamisation cascade would enable the construction of the fused tricyclic core structure of 177c, 

then reductive removal of the nitro group and subsequent reduction of the lactam carbonyl would 

give rise to crispin A 130 (Scheme 82). 

 

Scheme 82 ς A three step retrosynthesis of crispin A 

6,7-Dimethoxy-3,4-dihydroisoquinoline 176c80 was synthesised in 2 steps from 

dimethoxyphenylethylamine 211 via a Bischler-Napieralski reaction. Then, a nitro-Mannich / 

lactamisation cascade with methyl 3-nitropropanoate 169 was achieved in 77% yield and the desired 

pyrrolidinone 177c was formed with a diastereomeric ratio of 2:1 (Scheme 83). 

                                                           
80

 Warrener, R. N. Tetrahedron 1998, 54, 7485. 
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Scheme 83 ς Synthesis of fused tricyclic pyrrolidinone 177c. 

The reductive removal of the nitro group of nitropyrrolidinone 177c with AIBN and Bu3SnH was 

attempted several times but unfortunately, pyrrolidinone 210 was never formed (Scheme 84). 

 

Scheme 84 ς Failed attempts at a reductive removal of the nitro group 

The reason for this lack of reactivity was unclear but instead of investigating it further it was decided 

to first reduce the lactam carbonyl and then to attempt the reductive removal of the nitro group 

afterwards. Several conditions to reduce the carbonyl group of pyrrolidinone 177c were attempted 

and the results are presented in Table 31.  

 

Entry Conditions Yield of 213 (%) 

1 Hantzsch ester, Tf2O, CH2Cl2 - 
2 NaBH4, BF3.THF, THF - 
3 NaBH4, I2, THF - 
4 BH3, THF - 
5 RhH(CO)(PPh3)3, Ph2SiH2, THF - 
6 RhCl(PPh3)3, Ph2SiH2, THF - 
Table 31 ς Failed attempts at reducing the lactam carbonyl 
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Strangely none of the reagent systems trialled provided any of the desired pyrrolidine 213 and 

therefore a less direct approach was attempted. The reaction of nitro-pyrrolidinone 177c under 

classic Nef conditions was hoped to provide pyrrolidinone 214 bearing two carbonyl moieties 

(Scheme 85). If this was successful we could envisage a sequential reduction of the ketone (via a Wolf 

kishner reaction for example) and then of the lactam carbonyl. A number of typical conditions were 

tried and one is presented in Scheme 85. 

 

Scheme 85 ς Failed attempt at a Nef reaction 

Unfortunately, all the conditions tried for the Nef reaction failed to form the desired product 214. 

Clearly, fused tricyclic pyrrolidinone 177c had some weird and unexplained lack of reactivity. 

Completing the total synthesis of crispin A would have been a very nice addition to our work on 

nitro-Mannich / lactamisation cascades; however considering the simplicity of the target, we 

decided, for cost effective reason to stop our effort towards the synthesis of crispin A 130. 

3.4 Attempts at extending the method to 4, 6, 7 and 8 membered 
rings 

Finally, the optimised reaction conditions developed for the synthesis of nitropyrrolidinones via a 

nitro-Mannich lactamisation cascade were attempted on various nitroesters with different carbon 

chain length to form the corresponding 3-nitrocyclobutan-2-one 215a, 5-nitropiperidin-2-one 215b, 

6-nitrocyclohepten-2-one 215c and 7-nitrocyclocten-2-one 215d (Scheme 86). 
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Scheme 86 ς Failed attempts at the synthesis of 4, 6, 7 and 8 membered ring pyrrolidinones 215 

In all cases the reaction failed to provide any of the desired products 215a, 215b, 215c and 215d. A 

wide solvent screen was undertaken to try and synthesise 215a but it was never formed. At this 

point, other projects became a priority and we never came back to it. However, we believe that it 

would be some interesting work for the future, and especially the synthesis of 7-membered ring 

215c.  

3.5 Conclusion 

In this chapter, the nitro-Mannich / lactamisation cascade of 169 was developed further to allow the 

rapid synthesis of 5-isopropyl-4-nitropyrrolidin-2-one 198a from reaction with ammonium acetate 

201 and 1-butyl-4-nitropyrrolidin-2-one 199a from reaction with formaldehyde 9b (37% solution in 

water) (Scheme 87). 

 

Scheme 87 ς Further extension of the nitro-Mannich / lactamisation cascade 

In addition, the synthetic utility of the nitro-pyrrolidinones formed was exemplified through various 

functional group modifications. The selective reduction of the lactam carbonyl was performed in the 
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presence of the nitro group, the reduction of the nitro group to the corresponding amine was 

achieved successfully in the presence or absence of carbonyl group and the nitro group was 

successfully removed under radical conditions. (Scheme 88). 

 

Scheme 88 ς Various functional group modifications 
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4.1 Context  

In chapter 1, we described the first nitro-Mannich / lactamisation cascade for the synthesis of trans 

1,5-disubstituted 4-nitropyrrolidin-2-ones, and in the following chapters, this work was extended to 

the synthesis of pyrrolidinones with various substitution patterns: 1,3,5-trisubstituted 4 

nitropyrrolidin-2-ones (chapter 2), 5-substituted 4-nitropyrrolidin-2-ones and 1-substituted 4-

nitropyrrolidin-2-ones (chapter 3). In order to advance this work further, we decided to investigate 

an enantioselective version of our nitro-Mannich / lactamisation cascade for the synthesis of 

enantiomerically enriched (enantioenriched) pyrrolidin-2-ones. 

As seen in the introduction, various methods have been developed over the past 30 years to perform 

enantioselective nitro-Mannich reactions. These methods involved either the use of organometallic 

catalysts or organocatalysts and the products can be obtained with excellent degrees of both 

diastereo- and enantiocontrol. However, the scope of the reaction with respect to the imine is, in 

many cases, very limited. Nevertheless, there are no examples in the literature of an enantioselective 

nitro-Mannich / lactamisation cascade and, in this chapter, we describe the details of our studies on 

this subject.  

4.2 First approaches 

4.2.1 Use of enantiopure chiral amines 

The first reaction attempted, to form an enantioenriched pyrrolidin-2-one, employed enantiopure 

(S)-1-phenylethanamine 167o in order to induce stereocontrol in the reaction cascade towards 

172ao (Scheme 89).  
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Scheme 89 ς Use of an enantiopure chiral amine in the nitro-Mannich / lactamisation cascade 

Unfortunately, the reaction of methyl 3-nitropropanoate 169 with isobutyraldehyde 166a and (S)-1-

phenylethanamine 167o under our optimised conditions failed to provide any of the desired product 

172ao, even after it was allowed to stir for several days. We believe that the reaction failed due to 

the steric hindrance of the amine (see chapter 1 and chapter 5). 

Although disappointing, our primary objective was to develop an enantioselective reaction with an 

achiral nitroester, an aldehyde and an amine, and to induce chirality with a chiral catalyst. 

4.2.2 Broad catalyst screen on a model system 

In order to develop an enantioselective version of our nitro-Mannich / lactamisation cascade for the 

synthesis of pyrrolidinones, we decided to select a model system, bearing UV active moieties (chosen 

to assist analysis of the product by HPLC), and to perform the reaction in the absence of benzoic acid 

but with various catalysts. Accordingly, nitroester 169, benzylamine 167b and p-anisaldehyde 166b 

became our reagent system of reference for this study.  

First, pyrrolidinone 172ao was synthesised in 70% yield as a racemic mixture, using our previously 

optimised conditions (Scheme 90).  

 

Scheme 90 ï Synthesis of (±)-172ao 

With the racemic product 172ao in hand and the proper conditions for the separation of the two 

enantiomer by lHPLC using chiral supported columns, we were ready to start the catalyst screen.  


